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Abstract
The work is concerned with the effect of a spatially fluctuating heating of  Al2O3 particles 
with diameters of 5–120 μm during a plasma spray process. A plasma jet is generated in 
a mixture of Ar (40 NLPM) and  H2 (14 NLPM) and in pure Ar at an electric current of 
600 A. The tracing of the injected particles in the plume region of the plasma jets is con-
sidered in the framework of a three-dimensional model taking into account a turbulent fluid 
flow. It is shown that the heat source for the injected particles exhibits a well pronounced 
spatially fluctuating structure due to the enhancement of the thermal conductivity resulting 
from dissociation and ionization of the molecular gas in the temperature range of 2500–
4000 K and 13,000–14,000 K, respectively. During their travel towards the substrate, the 
particles are therefore repeatedly heated in the gas mixture in contrast to the case of pure 
argon. Particles injected in the gas mixture reach the substrate with a higher average tem-
perature and velocity.

Keywords Particle heating · 3D plasma jet · Turbulent flow · Plasma spray

Introduction

Plasma spraying is one of the most versatile techniques for the preparation and production 
of functional coatings (e.g. heat-, bearing- and corrosion-resistant) in industrial applica-
tions [1, 2]. The process is attractive for both industrial and academic fields due to the high 
temperature, velocity and energy density that can be achieved.

In plasma spraying, the electric arc generated inside the plasma torch heats and 
accelerates the working gas due to the Joule heating, Lorentz and drag forces. Gas tem-
peratures of about 10,000–15,000 K and velocities from several 100   ms−1 up to about 
2000  ms−1 can be reached at the torch exit [2, 3]. A hot plasma jet is pushed out of the 
torch nozzle. It expands to form a plume in the outer region and impinges onto a sub-
strate. A powder is fed by a carrier gas into the plasma jet through an injector placed 
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usually a few mm away from the torch axis and the torch exit. The particles of the pow-
der are heated by the plasma jet and can be deposited on the substrate.

The properties of the coatings produced in the plasma spray process are affected by 
factors such as the plasma torch operation, the state of the generated plasma jet, the 
properties of the injected powder, and the placement of the substrate [4–13]. In order 
to improve the quality and productivity of functional coatings, many studies have been 
carried out over the past few decades. Some studies have focused on the suppression of 
arc instabilities [14], the extension of the lifetime of the electrodes [15–17], the high-
precision control on the plasma jet [18], the optimization of the plasma torch design for 
higher energy fluxes [19, 20], the interaction between the fed particles and the plasma 
jet [21, 22], and the combination of plasma spray process with machine learning algo-
rithms [23, 24], just to mention a few of the topics.

Numerical simulations on plasma spraying have been a topic of interest over the 
course of many years. Since the 1980s, the simulations have been extended from a sin-
gle particle to multiple particles, to two and three dimensions in a single gas and in gas 
mixtures [25–43]. The effect of a  time-fluctuating plasma jet on the particle injection 
has been studied by Meillot [42]. Li et.al [12, 13] have applied a three-dimensional and 
turbulent model for the plasma jet to study the effects of random turbulent fluctuation of 
the plasma jet on in-flight Ni particles. A series of works has been done by Bobzin et al. 
[9, 10] on 3D multi-arc spraying device, considering the two-way coupling between 
plasma jet and fed particles  (Al2O3) in the conservation equations of mass, momentum 
and energy. A resolution of the in-flight particle is performed in [21] for consideration 
of the heat transfer inside the particle. A special attention has been paid on the disper-
sion of the injection parameters [7, 8] in order to approach a real commercial applica-
tion as well as on the analysis of the coatings on the substrate plane. Bobzin et al. [10] 
has included the pipe for powder feeding in the computational domain to account for the 
injection dispersion of the particles. The dispersion of particles in their size has been 
considered but the diameter range has been restricted to (35–73.9  μm) in [43] and  to 
(20.1–60.4 μm) in [10] in order to avoid effects of the turbulent dispersion on particles 
with a diameter below 10 μm [44]. These effects have been studied by Li et al. [12, 13] 
for Ni particles with fixed diameters of 5 μm, 10 μm, and 20 μm. The results obtained 
showed that turbulent dispersion affects the particle trajectories even for a value of the 
particle diameter of 20 μm.

It is known that admixtures of  H2 and  N2 to Ar are used in industrial plasma spraying 
in order to increase the enthalpy of the working gas. The behavior of the particles fed into 
the plasma jet of mixtures Ar-He [39], Ar-H2 [25–28, 30, 34, 36, 37, 41], Ar-N2 [29, 35] or 
even the ternary mixture of Ar-He-H2 have been studied. It has been shown that as a result 
of the higher thermal conductivity of mixtures of Ar with molecular gases, the particles are 
stronger heated than in pure Ar. The temperature dependence of thermal conductivity of 
the mixture is characterized by maxima, which are related to the dissociation of the mole-
cules [45]. The particles injected into the plasma jet, therefore, will cross a fluctuating field 
of thermal conductivity and experience some kind of multiple heating acts. To the best of 
authors’ knowledge, this effect has not been considered in detail so far.

In a recent work [46], we reported on a self-consistent coupling of the thermionic 
cathode and its non-equilibrium boundary layer with the bulk plasma in the state of 
local thermodynamic equilibrium inside the plasma torch Oerlikon Metco F4MB-XL 
[47], as well as on the impact of the flow description on the predictive capability of a 
model of the plasma torch. It was shown that the cathode-plasma coupling is essential 
for the agreement with experimental data with respect to the arc voltage and electric 
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power, while the high Mach number fluid flow approach improves the prediction with 
respect to the thermal efficiency of the plasma torch.

The present work is aimed at the simulation of the particles injected into the plasma 
jet outside the plasma spray torch Oerlikon Metco F4MB-XL, which can be operated in 
pure Ar and in mixtures Ar/H2 and Ar/N2 [47]. The behavior of the particles in the case 
of a fluctuating thermal conductivity in the plasma jet generated in a mixture of Ar and 
 H2 is studied and compared to that in pure Ar, accounting for turbulent dissipation for 
all particle sizes. For this purpose, a three-dimensional model of a turbulent plasma jet 
and the carrier gas flow is employed and the injected particles  Al2O3 are followed until 
their impact onto the substrate. A random sampling of the particle release with respect 
to the position on the injector’s exit, the angle and velocity of injection, and the size of 
the particles is considered. The behavior of the particles reaching the substrate is char-
acterized by the K-Sommerfeld number.

The paper is organized as follows: the main features of the 3D model are given in 
‘Computational methods’; results of the confirmed cases are discussed in ‘Results and 
Discussion’; Concluding remarks are given in ‘Conclusion’. Supplementary data and 
validation results are given in Appendices A–E.

Computational Methods

The schematic of the problem under consideration is shown in Fig. 1. The plasma jet 
generated in the DC torch is pushed out of the torch nozzle BB´ and expands towards 
the substrate DD′. Powder particles are released into the plasma jet through the exit 
FG of the injector. The computational domain is a half of a cylinder with a length of 
120 mm and a radius of 48 mm. The injector has a diameter of 1.5 mm and is placed at 
a distance of 6 mm away from the nozzle and 10 mm away from the torch axis. In the 
problem that we consider it can be assumed that the effect of the particles on the plasma 
jet is negligible [30]. The problems of the particle motion and the plasma jet flow cal-
culation are separate problems. The particles move in a known background, which is 
pre-computed.

Fig. 1  Schematic of the computational domain with the particle injector
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Motion of the Injected Particles

The force acting on a particle that is moving in the fluid background can be expressed by 
the Newton’s second law.

where mp denotes the mass, v = dr

dt
 is the velocity, r is the position vector of the particle, 

and Fd , Fg , and Ftp represent the drag, the gravity, and the thermophoretic forces, respec-
tively. A virtual mass force is not considered in the present work since it hardly affects the 
momentum transfer process for in-flight particles [9].

The drag force Fd is usually expressed in terms of fluid velocity u and the time of 
response �p , i.e.

The region of validity of a given drag law depends on the dimensionless relative Reyn-
olds number Rer of the particles in the flow given by 

where dp is the diameter of the particle, and � and � are respectively the mass density and 
the dynamic viscosity of the fluid. A dimensionless drag coefficient CD can be introduced 
to express the time of response as

The drag coefficient CD depends on the relative Reynolds number Rer and can vary by 
orders of magnitude during the simulation [25, 27]. For the sake of convenience, CD is 
implemented as a piecewise function of Rer . The data used is given in Table 2 in Appendix 
A.

The gravity force is written as:

where �p and � are respectively the mass densities of the particle and the surrounding fluid, 
and g is the gravity vector ( g ≈ 9.81  ms−2).

The thermophoretic force accounts for gradients in the temperature T of the fluid and is 
expressed for continuum flows (Knudsen number Kn <  < 1) as:

where μ is the dynamic viscosity of the fluid, Λ = �∕�p denotes the ratio of the thermal 
conductivities of the fluid and the particle, respectively, and Cs = 1.17 is a constant param-
eter. In order to account for a fluid rarefaction, Eq. (6) is modified to read [48]

(1)
d(mpv)

dt
= Fd + Fg + Ftp,

(2)Fd =
1

�p
mp(u − v).

(3)Rer =
�|u − v|dp

�
,

(4)�p =
4�pd

2
p

3�CDRer
.

(5)Fg = mpg
(�p − �)

�p
,

(6)Ftp = −
6�dp�

2CsΛ

�(2Λ + 1)

∇T

T
,
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where Cm = 1.14,Ct = 2.18.
The heating of the particle by the fluid during its motion is described by the equation of 

heat balance

In Eq. (8), Tp denotes the temperature, Cp is the heat capacity of the particle, Qconv is a 
heat power accounting for the convective heat transfer between the particle and the fluid, 
and −Qr represents the radiative heat loss due to radiative transfer further afield from the 
particle:

In Eqs. (8a) and (8b), AP is the surface area of the particle, hf  is the convective heat 
transfer coefficient, �P is the particle emissivity, �SB is the constant of Stefan-Boltzmann, 
and Tamb is the ambient temperature (300 K) [36].

The particle temperature increases due to the heat flux from the hot plasma jet until the 
melting point of the material is reached. Then, the heat flux is converted to a latent heat 
of melting Lm or evaporation Le and the temperature remains constant. In order to account 
for the phase change (melting or evaporation) of the particle, auxiliary variables fm,e are 
introduced:

The variables fm,e take values between 0 and 1 corresponding to the former (solid/liq-
iud) and the later (liquid/gas) states, respectively.

For values of the temperature Tp beyond the boiling point of the material the particle 
is made of, the diameter dp will change due to evaporation according to the following 
equation

where R = −(Qconv − Qr)∕Le is the evaporation rate. The volume of the particle is not spa-
tially resolved so that the temperature Tp has the meaning of the volume temperature of the 
particle.

Notice that the heat transfer coefficient hf  as defined by the equation [49, 50]

(7)Ftp = −
6�dp�

2Cs

(
Λ + CtKn

)

�
(
1 + 3CmKn

)(
1 + 2Λ + 2CtKn

) ∇T
T

,

(8)mpCp

dTp

dt
= Qconv − Qr.

(8a)Qconv = APhf
(
T − Tp

)
,

(8b)Qr = AP�P�SB

(
T4

p
− T4

amb

)
.

(9)mpLm,e
dfm,e

dt
= Qconv − Qr.

(10)
d

dt

(
dp
)
=

2R

��pdp
2
,

(11)hf =
Nup

dp
�
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with Nup being the Nusselt number of the particle relates the particle heating with the 
thermal conductivity of the fluid � . The dependence �(T) will therefore be chiefly responsi-
ble for the effect of fluctuating heating, which the work is focused on.

The description of the particle motion and heating presented so far is applied to a statis-
tically significant number of particles. In the present study this number was taken as 3000. 
The injection of the particles is specified at the outlet of the injector by a given distribution 
of particles with respect to their size, a velocity distribution at the injector exit, a randomly 
chosen position and angle of injection at the injector exit. The particle trajectories are fol-
lowed until the impact on the substrate placed on the surface DD´. The impingement of 
molten droplets on the target itself is not considered yet. The velocity and the position of 
the particle are obtained by integrating Eq. (1), the particle temperature is obtained from 
Eq. (8), and the melting fraction and the change in the particle diameter are obtained from 
Eqs. (9) and (10), respectively.

For a better understanding of effects of sprayed particles on the formation of deposition, 
the K-Sommerfeld number is evaluated in the target plane. The K-Sommerfeld number is 
expressed as [51]:

where  We and  Re are the Weber and the Reynolds numbers and of impacting particles, 
respectively:

In Eq. (13), vn is the incident normal velocity of the particle, �p and �p are the surface 
tension and viscosity of the sprayed particles [52, 53].

Parameters of the Jet Plume

The region of the jet plume (Fig. 1) builds the background in which the motion of the par-
ticles occurs. The fluid velocity and temperature are needed for the solution of the Eqs. (1), 
(8)–(10). These quantities are obtained from the solution of the Navier–Stokes equations 
for the conservation of mass, momentum, and energy, and a two-equation k-� turbulence 
model of the fluid flow in the region ABCDED´C´B´A. It is assumed that the flow is steady 
and compressible, the plasma is in the state of local thermodynamic equilibrium and opti-
cally thin, and the ambient gas is the same as the plasma gas. The inflow of a cold gas 
through the injector tube is taken into account. The governing equations read.

(12)K = We
1∕2Re

1∕4
,

(13)We =
�p ⋅ dp ⋅ vn

2

�p
, Re =

�p ⋅ dp ⋅ vn

�p

(14)∇ ⋅ (ρ�) = 0,

(15)ρ(� ⋅ ∇)� = ∇ ⋅

[
−pI + K

]
,

(16)ρCpf� ⋅ ∇T + ∇q = Qvd+Qp − Qrad,

(17)ρ(� ⋅ ∇)k = ∇ ⋅

[(
μ +

μT

σk

)
∇k

]
+ Pk − ��,



7Plasma Chemistry and Plasma Processing (2023) 43:1–24 

1 3

In Eqs.  (14)–(18), p denotes the pressure, I is the identity matrix, 
� =

(
μ + μT

)(
∇� + ∇�T

)
−

2

3

(
μ + μT

)
(∇ ⋅ �)I −

2

3
�kI is the viscous stress tensor, μT is 

the turbulent viscosity, k represents the turbulent kinetic energy, Cpf  the heat capacity of 
the fluid, q = −(� + �T )∇T  is the conductive heat flux with � and �T being respectively the 
thermal conductivity of the plasma and the turbulent thermal conductivity, Qvd accounts for 
the viscous dissipation, Qp is the work for pressure change, Qrad accounts for radiative 

losses, ε is the turbulent dissipation rate, and P
k
= μ

T

[
∇� ∶

(
∇� + ∇�T

)
−

2

3
(∇ ⋅ �)2

]
−

2

3
�k∇ ⋅ � is a production term for the turbulent kinetic energy. The turbulent viscosity and 

thermal conductivity are defined as μT = �C�
k2

�
 and λT =

μTCpf

Prt
 , respectively. The values of 

constants used in the standard k-� model areC� = 0.09,C�1 = 1.44,C�2 = 1.92,σk = 1.0

,σ� = 1.3 , determined from experimental data [54]. The value for the turbulent Prandtl 
number Prt = 0.3 is applied in the present study.

Without going into detail, it should be noticed that the turbulence model is important to 
the modelling of the plasma jet. An overview of different turbulent models is given in [55, 
56] among others. The choice of the standard k-� model in the present work has been made 
after a validation against published works (see Appendix D). It should be further noticed 
that the turbulence model enables the account for the effect of turbulent dispersion in the 
motion of the injected particles [12]. This is included in the drag force (see Eq. (2)) in a 
way that a random velocity perturbation is added to the mean flow velocity u based on the 
local value of the turbulent kinetic energy k [57].

The thermodynamic and transport properties used to obtain the parameters of the 
plasma jet plume are given in Appendix E for pure argon and mixtures Ar-H2. In particular, 
the behavior of the heat conductivity (Fig. 14a), which appears in the heat source Qconv for 
the injected particles in Eq.  (8a), but also in Eqs. (9) and (10), through the heat transfer 
coefficient hf  (Eq. (11)) is of interest. The admixture of hydrogen to argon leads to an addi-
tional peak at a temperature of about 3500 K and a more pronounced peak at a tempera-
ture of about 15,000 K in the heat conductivity. Therefore, a spatial fluctuation of the heat 
source Qconv in the jet plume is expected in mixtures Ar-H2 even if the temperature distribu-
tion behaves monotonically.

The following boundary conditions are applied. At the exit of the plasma torch BB´ 
(Fig. 1), the values of the temperature, T, and the z-component of velocity, w, are taken 
from the previously published model of the plasma torch [46], while the radial velocity is 
set to zero. A turbulence intensity IT = 0.16Re

−
1

8 and a turbulent length scale LT = 0.07l 
with l being a characteristic length taken as the diameter of the nozzle exit BB’ [58] are 
set. At the injector exit FG, a given normal velocity and a temperature value of 300 K are 
set for the cold transversal flow. CD and C´D´ are open boundaries for the temperature and 
velocity, i.e. zero pressure as well as a zero heat flux or a backflow with a temperature of 
300 K are applied. BC and B′C′ are considered as walls, i.e. a non-slip condition and a tem-
perature of 300 K are set. The boundary DD´ is considered as an open boundary for a free 
jet simulations or a wall when the substrate is included. In the latter case, the temperature 
of the substrate is set to the value of 450 K that is an experimental estimate.

(18)ρ(� ⋅ ∇)� = ∇ ⋅

[(
μ +

μT

σ�

)
∇�

]
+ C�1

�

k
Pk − C�2�

�2

k
.
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Results and Discussion

The computation of the particle trajectories and properties in the plasma jet plume of the 
DC plasma spray torch operated at a current of 600 A in pure argon and in a mixture Ar 
(40 NLPM)-H2(14 NLPM) is done for particles made of  Al2O3. The particle size varies 
between a few µm and 120 µm (see Fig. 12 in Appendix C). A normal statistical distribu-
tion with a mean value of 52.9 µm and standard deviation of 20.5 µm is adopted for the 
particle sampling. A lower limit of the particle diameter is specified as 5 µm. Each particle 
is released from a randomly chosen position r on the injector exit of diameter dinj under a 
randomly chosen polar angle in the range [–10◦

, 10
◦ ]. The particle velocity is expressed as 

vinj = (8vavg∕7)(1 − 2r∕dinj)
1∕7 [59], where vavg is the average velocity of the carrier gas.

In the computation of the plasma jet in the present work, the inflow of the cold carrier 
gas (Ar, a flow rate of 3.4 NLPM) is taken into account. Notice that the effect of the carrier 
flow has been studied in previous works [12, 13, 60]. Njah et al. [60] have shown that mass 
flow ratio of the main stream and the cold cross flows is the dominant factor that can lead 
to a deflection of the main flow. Li et al. [12, 13] have considered the effects of cold cross 
flow in relation to the distance between the edge of plasma jet and the injector exit. Under 
the conditions in the present work, the plasma jet is hardly influenced by the carrier gas 
flow.

The computed temperature distribution in the plane CDD´C´ and along the jet axis AE 
is shown in Fig. 2 in a working gas of pure Ar (a) and Ar-H2 (b) and Fig. 3a, respectively. 
The length of the region with temperature values in the range 7000–15,500 K decreases 
from about 40 mm down to about slightly above 20 mm in the mixture. The decrease of 
the temperature along the jet axis is steeper in the Ar-H2 mixture so that in the segment 
20–60  mm the temperature in pure argon is higher. However, beyond the axial position 
z = 70  mm the temperature in the Ar-H2 mixture slightly rises above the values in pure 
argon (Fig. 3a). The axial component of the jet velocity in the Ar-H2 mixture is higher than 
that in pure argon over the whole distance (Fig. 3b). In particular, at small distances from 
the torch exit (z = 0), the jet velocity in the Ar-H2 mixture is well above that in pure argon. 
This effect might not be obvious since the increase in the flow rate due to the admixture of 

Fig. 2  Temperature distributions (T in  103 K) in the symmetry plane of the computational domain CDDC´ 
of the plasma jet plume in a pure Ar and b in the mixture Ar-H2
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hydrogen is by a factor of 1.35, whereas the axial jet velocity at the torch exit in the Ar-H2 
mixture is by a factor of about 1.7 higher than in pure argon. Furthermore, the dynamic vis-
cosity (Fig. 14c in Appendix E) for pure argon and for the mixture (Ar:H2 = 3:1) is almost 
the same. The reason lies in the decrease of the mass density in the mixture with hydrogen 
and the equation of mass continuity (Eq. (14)).

Figures 4 and 5 show the distributions of the thermal conductivity ( � ) and the effective 
thermal conductivity ( � + �T ) (see section ‘Parameters of the jet plume’) in the symmetry 
plane of the computational domain CDD′C′, respectively, for pure argon (a) and for the 
mixture Ar-H2. Notice the different scales in the graphs. The turbulent thermal conductiv-
ity �T introduced by the turbulent flow can be by about one or two orders of magnitude 
larger than � . Indeed, according to the definition, the combined effects of turbulent viscos-
ity μT and gas specific heat Cpf  largely increase �T in the temperature region, where dis-
sociation of the molecular gas occurs. As a matter of fact, the peak value of the effective 
thermal conductivity of the mixture Ar-H2 tends to approach the value of 140  Wm−1  K−1 
in the region of the plasma jet 40 mm < z < 55 mm and is almost by a factor of 9 larger 
than that in pure Ar. The effective thermal conductivity (Fig. 5a, b) affects the density of 

Fig. 3  The plasma jet temperature (a) and axial velocity (b) along the jet axis in the plume in pure argon 
(dashed) and in the Ar-H2 mixture (solid)

Fig. 4  Distribution of the thermal conductivity λ in the symmetry plane of the computational domain 
CDDC´ for pure Ar (a) and mixture Ar-H2 (b)
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the conductive heat flux q in Eq.  (16), from which the temperature of the plasma jet is 
obtained. The thermal conductivity in the Ar-H2 mixture remains well above that in pure 
argon for distances z > 30 mm. This explains the lower temperature values in the gas mix-
ture shown in Fig. 3a.

As shown in Fig.  4a, b, not only differ the values of the thermal conductivity in the 
hot region of the plasma jet by almost a factor of two, but the thermal conductivity in the 
Ar-H2 mixture remains well above that in pure argon for distances z > 30 mm and implies 
a second peak, which is not observed in pure argon. As mentioned above, the heating of 
the particles injected in the plasma jet depends on the thermal conductivity of the fluid 
� . Therefore, the particles will undergo a fluctuating heating in the mixture Ar-H2 that is 
not the case in pure argon. This is expected to have an impact on the particle behavior and 
parameters.

Figure 6a shows the temperature of the plasma jet (T) and Fig. 6b shows the heat source 
( Qconv ) as a function of the distance z for two selected particles identified by numbers P658 
and P678 as injected in the mixture Ar-H2 and in pure argon. The diameters of the particles 
are 19.97 μm and 37 μm for P658 and P678, respectively. Depending on the particle trajec-
tory, the values of T and Qconv at the same axial distance can differ. After being released at 
the injector exit, the particles cross the cold jet periphery and enter the hot region of the 
jet with temperatures above 10,000 K. The larger (and heavier) particle (P678) penetrates 
closer to the jet axis, where the jet temperature is higher. The jet temperatures attributed to 
the particles for z between 20 and 60 mm are higher in pure Ar than in the Ar-H2 mixture, 
in agreement with the results in Fig. 3a.

As discussed above, the thermal conductivity of the plasma jet λ has a well pro-
nounced spatially fluctuating behavior in the mixture Ar-H2 (Fig. 4b) and this affects the 
heat source Qconv acting on the particles (Fig. 6b). Notice that the power loss due to radi-
ation ( −Qr ) shown in (Fig. 6c) is weaker by 2–3 orders of magnitude than Qconv under 
the conditions of the present study. While the heat source in pure Ar first increases as 
the particles penetrate the jet and then monotonically decreases, the heat source acting 
on the particles in the Ar-H2 mixture is characterized by a number of peaks. A very 
narrow peak can be seen at z ∼ 7 mm (see the zoomed-in graph Fig. 6b) since particles 
cross over the thin band with increased values of λ close to the position of the injector 
exit (Fig.  4b). The second peak corresponds to the particle motion in the hot region 

Fig. 5  Distribution of the effective thermal conductivity � + �
T
 in the symmetry plane of the computational 

domain CDD′C′ for pure Ar (a) and mixture Ar-H2 (b)
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of the plasma jet (10  mm < z< 20  mm). The third peak occurs in the downstream jet 
(30  mm < z<70  mm), where λ exhibits a broaden enhancement. Notice that the peaks 
are stronger pronounced and shifted to the lower z -positions for the larger and heav-
ier particle P678. The first effect can be related to the larger surface of the particle  AP 
appearing in Qconv given by Eq.  (8a). The second effect indicates that larger particles 
cross over the region of enhanced λ at radial positions x < 0, which are farther away 
from the jet axis than for smaller particles (Fig. 4b).

Fig. 6  Quantities attributed to the selected particles: a  the temperature of the plasma jet, b the convec-
tive heat source and c the radiative heat loss, d the computed particle temperature, and e the velocity mag-
nitude of the selected particles in the plasma jet generated in the mixture Ar-H2 and in pure Ar. Curve nota-
tions: 1—P658 in Ar-H2; 2—P658 in Ar; 3—P678 in Ar-H2; 4—P678 in Ar
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The development of the particle temperature and velocity during the motion in the 
plasma jet is shown respectively in Fig. 6d and e. The temperature of P658 increases rap-
idly and reaches the melting point  Tm (2327 K) at z -positions between 20 and 30 mm in 
both Ar-H2 (curve 1) and pure Ar (curve 2). The temperature of P678 remains below the 
 Tm-value in both gases (curves 3 and 4) even though the heat source of P678 is larger by a 
factor of about four than that for P658 at z ∼ 15 mm. Notice that the increase in the particle 
diameter by a factor of two leads to an increase in the particle surface Ap by a factor of four 
and to an increase in the particle mass mp by a factor of eight.

Once the temperature  Tm is reached, the particle temperature remains constant up to z ∼ 
45 mm (curves 1 and 2 in Fig. 6d). Beyond this z -position, P658 is exposed to the next 
enhancement of the heat source in the mixture Ar-H2, the molten fraction approaches the 
value of one, and the temperature further increases and stays well above  Tm even in the 
range z > 80 mm, where the convective heat source is turning its sign (Fig. 6b) since  Tp 
becomes higher than T. As a result, the particle is repeatedly heated by the plasma jet gen-
erated in the mixture Ar-H2 in contrast to the case of pure argon.

Once the particle is injected into the plasma jet and approaches the hot region, its veloc-
ity first increases (Fig.  6e) due to the high jet velocity and the positive drag force (see 
Eq. (2), the contribution of the other forces is much lower). The jet velocity in the mixture 
Ar-H2 (Fig. 3b) is larger and as a result, the particle velocity in the mixture is larger than 
in Ar. The less inert smaller particles reach larger velocities than the larger ones (com-
pare curves 1 and 3 with curves 2 and 4 in Fig. 6e). Downstream the jet, the jet velocity 
decreases and the drag force changes the sign. This leads to the decrease of the particle 
velocity for z > 50 mm. The effect of the turbulent dispersion can be seen in both gases for 
P658 (small fluctuations in curves 1 and 2), while it is negligible for P678.

A total number of 3000 particles has been found to be statistically significant in the 
present study. In general, already a computation with 1000 particles has enabled repre-
sentative results. The increase in the number to 5000 has increased the computational time 
without changing the results substantially. Figure 7 presents the particle trajectories in the 

Fig. 7  The thermal (a, c) and velocity history (b, d) in different background gases: Ar-H2 (a, b) and Ar (c, 
d). Notice that for the sake of readability, 20% of the trajectories are presented
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color scale of the particle temperature  Tp (a,c), and in the color scale of the particle veloc-
ity v (b,d) for a number of injected particles in the plasma jet in Ar (a, b) and in Ar-H2 (c, 
d) in the plane CDD´C´. The results indicate that particles processed in the Ar-H2 mixture 
become hotter and faster during their motion towards the substrate. In particular, small par-
ticles (say  dp up to 20  µm) are stronger heated since their trajectories stay closer to the 
jet axis. Large particles (say  dp > 80 µm) tend to leave the computational domain without 
reaching the substrate. The trajectories in the region above the torch axis (x > 0) that cor-
respond to small particles  (dp < 20 μm) are somewhat deformed due to effect of turbulent 
dispersion leading to a random movement of particles. The peak values of particle tem-
perature between 2700 and 3200 K and the velocity between 400  ms−1 and 500  ms−1 are 
reached not in the vicinity of the substrate but at z ∼ 60 mm due to the decrease in the jet 
temperature and axial velocity. These values are in a good agreement with experimental 
findings in Fig. 8 that are obtained by monitoring during operation time of 40 h with the 
Tecnar Accuraspray-g3c system [61]. This system provides an accurate and reliable obser-
vation of the spray plume. The data is collected on a real-time basis and undergoes a com-
puter processing that enables both a real-time and an offline analysis.

Figures  9 and 10 show the parameters of the particles on the x–y plane of the sub-
strate. For the particles injected into the Ar-H2 mixture and reaching the substrate at z = 
12 cm, particle temperatures  Tp between 2700 and 3250 K (Fig. 9a) and particle veloci-
ties between 350  ms−1 and 450  ms−1 (Fig. 9b) are most strongly represented for positions 
−5 mm < x,y < 5 mm. The corresponding values in pure Ar are lower and represented by 
less particles (Fig. 9c, d). Notice that in Ar-H2 mixture, the jet velocity is larger by about a 
factor of two than in pure Ar for axial positions 5 mm < z < 20 mm (see Fig. 3b). The center 
of the injector is at axial position z = 6 mm so that the particles injected into the Ar-H2 
mixture are exposed to a faster jet flow than in pure Ar. Therefore, they are able to move 
longer close to the jet axis and the particles trajectories are less inclined with respect to the 
jet axis (see Fig. 7). This effect becomes well pronounced in the comparison of the distri-
butions on Figs. 9a, b and 10a, b with those in Figs. 9c, d and 10c, d. In Figs. 9a, b and 10a, 
b, the area, corresponding to positions – 50 mm < x < 30 mm and –10 mm < y < 10 mm are 
rarely occupied. In particular, larger particles become likely less deflected in Ar-H2 in com-
parison with those in Ar (Fig. 10a, c).

The distribution of the K-Sommerfeld number on substrate plane before forma-
tion of coatings as evaluated by Eq.  (12) is shown in Fig.  10 b, d. In case of pure Ar, 

Fig. 8  The particle tempera-
ture and velocity obtained by 
monitoring with the Tecnar 
Accuraspray-g3c system. The 
measurement points are collected 
during operation time of 40 h
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the K-Sommerfeld number is well below than that in the Ar-H2 mixture. According to the 
accepted classification [7, 8, 51], K < 3 corresponds to a rebound, 3 < K < 57.7 – to a depo-
sition, and K > 57.7 – to a deposition with splashing. The splashing effect is typical for 
high flow rates.

A summary of some parameters of the tracing of  Al2O3 particles injected into the 
plasma jets operating in pure Ar and in the Ar-H2 mixture is given in Table 1. The particle 
tracing model predicts a higher number of particles reaching the substrate, and a higher 
number of evaporated and molten particles for the plasma spraying in Ar-H2 than in pure 
Ar. As a result of the fluctuating heating that occurs in the mixture Ar-H2, higher average 
temperatures of the particles can be reached. The average flight times in the Ar-H2 mixture 
are shorter than in pure Ar due to the higher corresponding velocities reached.

The data that supports the results of this study are openly available in INPTDAT, refer-
ence number [62].

Fig. 9  Particle temperature (a, c) and velocity (b, d) on the substrate plane (z = 12 cm) for particles injected 
in the Ar-H2 mixture (a, b) and in pure Ar (c, d)
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Fig. 10  Particle diameter (a, c) and K-Sommerfeld number (b, d) on the substrate plane (z = 120 mm) for 
particles injected in the Ar-H2 mixture (a, b) and in pure Ar (c, d)

Table 1  Statistics on the tracing 
of  Al2O3 particles injected into a 
plasma jet in Ar and in Ar-H2

Ar Ar-H2

Total number 3000 3000
Particles reaching the substrate 2320 (77.3%) 2578 (85.9%)
Evaporated 51 (1.7%) 89 (2.9%)
Molten 268 (8.9%) 492 (16.4%)
Average parameters of the particles reaching the substrate
Velocity  (ms−1) 141.1 190.0
Temperature (K) 1502.8 1781.5
K-number 285.5 457.8
Flight time (ms) 1.25 1.03
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Conclusion

The present work continues the plasma spraying related studies that have started with a 
model of the plasma spray torch Oerlikon Metco F4MB-XL [46]. Here, a particle trac-
ing model along with a turbulent model of the plasma jet in the plume region of a plasma 
spray torch are employed. The study considers the effect of a fluctuating heating of  Al2O3 
particles that are injected into a plasma jet generated in a mixture of Ar (40 NLPM) and 
 H2 (14 NLPM) with respect to the heating process in pure Ar. The model is set as three-
dimensional in order to account for the side-on particle injection and validated against 
published data. The plasma spray torch is operated with a DC current of 600 A. The size 
of injected particles varies in the range (5–120) μm. The results can be summarized as 
follows.

The presence of the molecular gas  (H2) leads to a higher jet velocity, in particular at small 
distances from the torch exit, and a steeper decrease of the plasma temperature in the region 
z = (20–60) mm in comparison to pure Ar. The temperature decrease is caused by the large 
increase in the effective thermal conductivity of the mixture Ar-H2.

The heating of the injected particles is dominated by the convective heat transfer 
between the particles and the fluid. The radiative heat loss is of minor importance. The 
convective heat source exhibits a well pronounced spatially fluctuating structure due to 
the enhancement of the thermal conductivity resulting from dissociation and ionization in 
temperature range of 2500–4000 K and 13,000–14,000 K, respectively. The injected parti-
cles travel towards the substrate through the heat source field crossing a very narrow peak 
( z ∼ 7 mm) close to the position of the injector exit, then a second peak corresponding to 
the hot region of the plasma jet (10 mm < z<20 mm), and a third peak in the downstream 
jet (30 mm < z<70 mm). The peaks are stronger pronounced and shifted closer to the torch 
exit for larger and heavier particles. As a result, the temperature of particles of equal prop-
erties can increase rapidly and reach the melting point  Tm in both Ar-H2 and pure Ar, but 
only in the mixture Ar-H2 the particle is repeatedly heated and its temperature can further 
increase. Particles injected in the gas mixture reach the substrate with a higher average 
temperature and velocity.

Forthcoming works will focus on the simulation of the particle impingement on the sub-
strate and the process of the coating formation.

Appendix

Supplementary data used in the models developed are given in this section.

Appendix A: Drag coefficient

Table 2 summarizes the expressions for the drag coefficient applied in Eq. (4) according the 
data in [25, 27].
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Appendix B: Validation of the particle tracing model

In order to validate the computational model for the particle tracing described in sec-
tion ‘Motion of the injected particles’, computations were performed for four kinds of 
particles  (Al2O3, Fe, dense and porous  ZrO2). The properties of the injected particles 
are taken from published data [7]. The particles are injected into the plasma jet with a 
uniform diameter of 35 μm and a velocity of 20  ms−1. The center of the injector is 6 mm 
away from the torch exit and 8 mm away from the torch axis. The computed trajectories, 
velocities and temperatures for the corresponding particles are shown in Fig. 11 (a)-(c). 
The good quantitative agreement with the results by Djebali et al. [7] demonstrates the 
validity of the particle tracing model in the present work. Certain deviations exist in 
the particle temperatures for dense  ZrO2 particles. Since the particle heating is closely 
related to the temperature of the plasma jet, the deviations can be associated with the 
deviations shown in Fig. 13.

Table 2  Expressions of the drag coefficient as a piecewise function of the relative Reynolds number

Remark: w = logRe
r
 and log is the base 10 logarithm

Range of Re
r
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Re
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r
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D
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Appendix C: Particle size distribution

The particle size distribution is measured based on the static light scattering (SLS) 
technique combined with a Mie scattering model. The SLS experiment was performed 
employing the Mastersizer 2000 device [63]. The results obtained for the  Al2O3 powder 
used in the plasma spray experiments is shown in Fig. 12. A normal distribution with 
mean value of 52.9 µm and standard deviation of 20.5 µm is derived for the use in the 
tracing model.

Fig. 11  Parameters of the 
particles along the distance z: 
a trajectory (radial position), 
b velocity, and c temperature 
obtained in the present work 
(solid curves) and in a pub-
lished work by Djebali et al. [7] 
(symbols)
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Appendix D: Validation of the turbulent jet model

The model of the turbulent jet in the plume region is validated against experimental 
and simulation works [7, 64–69]. For that purpose, the torch exit BB´ was taken with 
a radius AB = R = 4 mm, a distance AE = 100 mm, and a radial extend BC = 44 mm. 
The model is two-dimensional and axisymmetric with AE being the axis of symmetry. 
The conditions for the plasma temperature and velocity on AB are therefore expressed 
as follows:

whereTmax = 13500K, vmax = 520m∕s , and T0 = 300 K [64–66].
We notice that for the sake of validation, the boundary condition on ED is set as “open 

boundary” instead of “wall”. This does not affect the results of the fluid flow in the core 
region of the plasma jet.

The comparison with published data for the plasma temperature Fig. 13a and the plasma 
velocity Fig. 13b along the jet axis z (AE) (see Fig. 1) shows a fair agreement. The plasma 
velocity predicted by Djebali et al. [66] is the largest in the downstream region, while the 
temperature predicted by Zhang et al. [65] is the lowest. The results in the present work 
agree well with experimental and simulation works by Pfender et al. [64, 68].

T =
(
Tmax − T0

)(
1 −

(
r

R

)4
)
+ T0, v = vmax

(
1 −

(
r

R

)2
)
,

Fig. 12  Particle size distribution 
applied in the model of particle 
tracing
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Appendix E: Thermodynamic and transport properties and net 
emission coefficient of the plasma

The thermodynamic and transport properties used in the model of the plasma jet in the 
plume region are shown in Fig.  14. The transport properties are computed applying the 
Chapman-Enskog method. The computed values are compared with published data in [45]. 
The net emission coefficient of the plasma is taken from published works [70, 71].

Fig. 13  Axial distribution of the plasma temperature (a) and the plasma velocity (b): solid line (present 
work), solid squares (R. Djebali 7, 66), solid circles (experiment E. Pfender 64, 68), open circles (simula-
tion E. Pfender 64, 68), cross symbol (Jets&Podres 67), solid down trinangle (H. Zhang 65), solid up trian-
gle (Y. Z. Sun 69)
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