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Abstract. 
Particle statistical size distribution of an alumina powder is generated and fed (3D) with a carrier gas through 
an injector into the plasma jets calculated in part I. The initial velocity of each particle is randomized through 
a law resulting of experimental observations. Characteristic residence times of the particles from the injector 
to the target and characteristic times for the melting of the particles are obtained. Also size, temperature and 
velocity distributions of particles impacting on the target are calculated to characterize the coating 
deposition. 
 
1. Introduction 
Plasma spray consists in realizing deposits on substrates in order to improve their surface properties. Spray 
materials are introduced in the form of particles (in the tens of µm range) in a flame or a plasma jet where 
they are accelerated and melted, before they flatten onto the substrate or previously deposited layers where 
the deposit is formed by the resulting splats layering. In order to increase the quality of deposits, many 
studies have been performed on the plasma spray of ceramics, cermets, metals and alloys [1, 2]. But deposit 
properties depends on many parameters such as those of the plasma torch (current intensity, plasma forming 
gases composition and flow rates, design of the torch), those of the powder (type of material, particle mean 
diameter, microstructure and morphology), those of the injection [3] (injector internal diameter, mass flow 
rate of the carrier gas, position of the injector, powder mass flow rate), the interaction plasma/particle 
(acceleration and heating of the particles within the plasma jet) [4], the relative movements torch/substrate, 
the substrate parameters (surface preheating temperature, roughness) [5] and mean coating temperature 
control during spraying and upon cooling. To obtain a coating with the required properties many experiments 
are necessary to optimize the process. The numerical forecast constitutes an interesting way for this 
technology to minimize the number of experiments. In that way, during the last decade numerous workers 
have studied the particles dynamics and their temperature histories in thermal plasmas. Many computational 
codes have been developed to predict the properties of the plasma jet (velocity, temperature) [6] and the 
particles behavior within the plasma jet (temperature, velocity, melting state) [2, 7]. According to the particle 
injection orthogonally to the plasma jet, the models have to be 3D. However, such codes need several hours 
if not several days of calculations to obtain the results of one condition. It is thus interesting to develop 
simplified codes with computing time in order of a few minutes in order to forecast rapidly spray conditions 
and help the operators to find optimum conditions. 
The objective of this paper is to present a fast code Jets&poudres which runs on Visual Basic and needs only 
few seconds to few minutes to simulate the plasma spraying of a single particle and a powder respectively.  
The model, its assumptions and the forecast of the behavior of a particle in the plasma jet with the 
Jets&Poudres software is presented and the results of the plasma spray of a powder of about ten thousand 
particles is discussed. 
 
2. Jets & Poudres model for plasma spray 
The model Jets&Poudres, forecasts the dynamic of a single or multi particles fed in a plasma jet. This model, 
built in Visual Basic, allows a convivial exchange. Its aim is not to forecast a result very close to experiment 
but to:  
• compute rapidly the parameters of the plasma spray ; 
• present synthetic and explicit results; 
• give the tendencies and phenomena orders of magnitude. 

 
2.1 Spray material particle model. 

For the particles sprayed by a plasma jet two types of phenomena are of interest. One is the dynamic of 
the movement of particles with their trajectories, velocities and accelerations. The second is their thermal 
history, i.e., their temperature, melting or freezing, as well as the heat flux at their surface. 
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2.1.1 Dynamic of a single particle in the plasma jet 

Under the assumption that the Stoke’s drag is the dominant force [7] in the dynamic of the particle injected 
in the plasma jet, the movement equation can be written as:  
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where:  CD  is the drag coefficient depending of the morphology of the particle and the Reynolds number; dp 
is the initial diameter of the particle (m) ; v is the particle velocity (m.s -1); U is the plasma velocity (m.s -1); 
ρ∞ is the plasma specific mass (kg.m-3) and µ∞ .the plasma viscosity (kg/m.s). CD is an empirical function of 
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as proposed by Lee et al. [8], where subscribes ∞ and p respectively 

indicate plasma and particle for specific mass and viscosity. 
The external forces Fx are rather well represented by the thermophoresis force resulting from the very high 
thermal gradient in the fluid and the gravity force. The force due by the thermal gradient can be of the same 
order of magnitude than the gravitational acceleration [7], but here both are not considered relatively to the 
drag force which is three or four orders of magnitude higher. It is also assumed that the particles have no 
influence on plasma jet (no load effect). 
 

2.1.2 Heat exchange between a single particle and the plasma jet 
The heat transfer mechanisms to the particle in the plasma jet can be expressed by four successive steps [9]: 
the heating of the solid particle, its melting, the heating of the molten particle and its vaporization. The 
governing differential equations for the temperature time evolution of a spherical particle are the following: 

• The heating of the solid particle 
The particle temperature (TP), neglecting the heat propagation is calculated through the total heat energy in a 

film at the particle surface. Its expression is:  
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where:  Qn is the energy required for heating up the particle, it is a conduction – convection heat energy 
(W/m2); Cp is the mass specific heat at constant pressure of the particle depending of the material (J/kg.K). 
In this paper to take in account the steep temperature gradients within the thermal boundary layer around the 

particle, the integrated thermal conductivity ∫
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is used instead of the thermal conductivity K(T), then with the radiative cooling it comes: 
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where T∞ is the temperature outside the boundary layer, Ta is the surrounding temperature, ε is the 
particle emissivity and σS the Stephan-Boltzmann constant. 
• Melting of the particle at constant temperature T = TF  

When TP = TF (melting temperature), it is assumed that the total energy from the plasma to the particle is 
converted into the latent heat of fusion ∆HF. The melting mass fraction XP is governed by 
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where: ∆HF is the latent heat of fusion (J/kg). XP is in the range 0 to 1. If XP = 0, the particle is solid and if 
XP = 1, it is fully melted. 
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• Heating of the liquid particle 

Two assumptions are possible in this step: the liquid phase of the particle vaporizes or not. If the liquid phase 
of the particle is not vaporizing the heating of the liquid is similar to that of the solid particle (eq. 4) with the 
specific heat at constant pressure of the liquid. If the liquid particle vaporizes its diameter decreases 

according to the following equation:  
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where: ∆Hvap is the specific latent heat of particle vaporization (J.kg-1) ; Q’n is the thermal energy lost when 
vaporizing the particle (W/m2). When TP = Tb (boiling temperature), the assumed total energy from the 
plasma to the particle is converted in latent heat of vaporization. The diameter evolution of the particle is 
given by an equation similar the last one (eq. 8). 
 

2.2 Model of the powder of the spray material 
To simulate the formation of a deposit, a large quantity of particles (109 – 1010) has to be sprayed in the 
plasma jet. Unfortunately the particles in a powder have different diameters. The particle size analysis of a 
commercial powder shows that they have roughly a Gaussian distribution in diameter. Thus, two cases are 
studied to simulate a powder, either that with the distribution given by the experimental particle size analysis 
or that with a Gaussian distribution according to the limit central theorem with twelve shot randomly 
numbered.  
The powder is injected by a carrier gas in the plasma jet. This phenomenon could be quickly complex, so to 
simplify the model the assumptions are the following: the particles have the same velocity as that of the 
carrier gas, they are not interacting between themselves, the carrier gas flow rate does not vary with time, the 
injector walls are smooth and straight, and the velocity of the carrier gas is not time dependant but depends 
of the injection radius. The radial profile of particle velocity at the injector exit is parabolic and given by the 

following equation:  )1(v)(v
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where: r is the radial position of the particle at the injector exit (m) ; R is the internal radius of the injector 
(m); v0 is the maximum velocity of the carrier gas (at axis where r = 0) ; v(r) is the exit velocity of the particle 
at the radius r (m.s-1).The injection velocity is adjusted to the mean size of the particles in such a way their 
trajectory makes an angle of 3.5° with the plasma jet axis. 
The particle collisions between themselves and with the injector wall induce a dispersion of the particle jet at 
the injector exit. To integrate this phenomenon, which has been measured [2] for a -45+22 µm alumina 
particles as a cone with an angle of 20°, the model attributes to each particle an inclined angle of the exit 
injector velocity between 0 and 20°by firing at random a number. In order to rapidly obtain results only 32 
000 particles are generated to build a sample of powder which allows the computation of the deposit height 
distribution. 
 
3. Results and discussion 
In order to validate the model, two powders, ZrO2 and NiCrAlY, are modelled and compared with the 
experimental results of Smith and al. [9]. The plasma spray parameters for the calculation are respectively 
the same as those of the two experimental tests and summarized in Fig 1, except the injection of the powder 
which is assumed by an external injector in both modelled powders, disposed at 6 mm from the torch exit 
and at 8 mm from the plasma jet axis. The argon carrier gas flow rate is 1.1 L/min for zirconia powder and 
0.7 L/min for NiCrAlY, resulting in a mean velocity of the particle at the injector exit on its axis of 15m/s 
and 10 m/s respectively. The size distributions are in range between -42 +30 µm for ZrO2 powder and -
50+40 µm for NiCrAlY which correspond to a mean diameter of 36 and 45 µm respectively. The thermal 
properties and characteristics of both powders are summarized in Table 1. The boiling point of NiCrAlY is 
considered to be the same as that of Cr. 
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Figure 1: Plasma spraying parameters of Smith and al. [9] to study the behaviour the particles in the plasma jet 
 
Table 1: Thermal properties and particle sizes of the modelled plasma spraying powders 

Material 
powders 

Particles size  
[µm] 

Specific Mass 
[kg.m-3] 

Specific heat 
[J.kg-1.K-1] 

Melting point 
[K] 

Thermal 
conductivity 
[W.m-1.K-1] 

ZrO2 -42 +30 5680 408.8 2983 1.66 
NiCrAlY -50 +40 8902 837.3 1726 91 
Al2O3 -45 +10 3900 1363 2327 5 
 
For each particle and position in the plasma jet, the software gives its temperature and velocity and computes 
the Sommerfeld’s parameter to predict the type of impact of the droplets. In order to have simplified 
graphics, only one, two or three representative particles are presented. 

Figures 2 and 3 show the temperature and velocity, in the plasma jet, of representative diameters of the 
zirconia and NiCrAlY particles respectively. As it could be expected the axial velocity of the biggest zirconia 
particle is lower than that of the smallest one (see Fig.2a). For both materials, the simulated velocity results 
are in good agreement with the Smith’s experimental measurements [9] in the plasma jet.  
Figure 2b does not show any temperature difference between the two sizes of particle. With the zirconia 
material computational results are in good correlation with the experimental ones. A difference of 10 % 
could be estimated between calculated and experimental temperatures, this difference is the same as the 
experimental error. The experimental results of the NiCrAlY temperature are higher than those calculated. It 
might be due to the melting temperature of NiCrAlY which has not be found in the literature and has been 
estimated to be the same as that of Cr, limiting the liquid temperature of NiCrAlY to the Cr boiling point 
temperature. For both materials, it can be noted that the melting stage at constant temperature appears at 
about 10 mm from the torch exit that is only 3 to 4 mm downstream of the injector. Less than 10 mm from 
the injector exit, the particle reaches its highest temperature (boiling temperature) and keeps it during all its 
flight in the plasma jet.  
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Figure 2: Modelled and measured velocity of representative diameters of zirconia particles in the plasma jet, with the 
plasma parameters of Smith and al. [9]. a – velocity, b- temperature 

  
Figure 3: Modelled and measured velocity of 50µ diameter NiCrAlY particles in the plasma jet, with the plasma 
parameters of Smith and al. [10]. a – velocity, b- temperature 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Plasma spraying parameters of Denoirjean and al. [11] to study the impact of droplet 

 
To model the impact of particles on the substrate, the same experimental set up is used with the plasma 
spraying parameters presented in Fig. 4. The particle material studied is alumina injected with an internal 
injector and 6 sl/min of argon as carrier gas, resulting in a mean velocity of the particle at the injector exit of 
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40 m/s. To simplify the simulation unlike to the experiment, alumina is injected with an external injector 
[10]. The size distribution of alumina powder is in the range of 10 to 45 µm. The simulated distribution of 
diameters is made according to the commercial powder size distribution.  
 
The Figure 5 shows the simulated and measured radial profiles, of temperature and velocity of an alumina 
powder, in the plasma jet at 10 cm from the torch exit. For both characteristics, simulated values have the 
same tendency but are superior to those of experiment. The measured velocity of the particles decreases 
when the radial distance from the axis increases. The temperature computational profile is about 5 % 
superior to the experimental one. This difference which is not obvious in the behaviour of a single particle 
can be explained by a poor randomisation of the initial velocity fed into the plasma jet.  

  
Figure 5. Radial profile of simulated and measured of a powder in the plasma jet at 100 mm from the torch nozzle exit, 
with the plasma parameters of Denoirjean and al. [11]. a – velocity, b- temperature 
 
4. Conclusion  
Jets & Poudres software appears as a fast simulation a few minutes to forecast the dynamic of a single 
particle or a particles sample fed in a plasma jet. This model has been validated by comparing its results for 
ZrO2, NiCrAlY and Al2O3 particles with those of different experiments. For single particles the agreement is 
good within 5%. For a powder load the code gives good trends. Of course the code has to be improved to 
take a better account of the particle trajectories distribution at the injector exit as well as some corrections in 
heat and momentum transfers to particles, especially when the latters evaporate.  
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