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Liquid Precursor Plasma Spraying: Modeling
the Interactions Between the Transient
Plasma Jet and the Droplets
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Plasma spraying using liquid feedstock makes it possible to produce thin coatings (<100 pm) with more
refined microstructures than in conventional plasma spraying. However, the low density of the feedstock
droplets makes them very sensitive to the instantaneous characteristics of the fluctuating plasma jet at
the location where they are injected. In this study, the interactions between the fluctuating plasma jet and
droplets are explored by using numerical simulations. The computations are based on a three-dimen-
sional and time-dependent model of the plasma jet that couples the dynamic behaviour of the arc inside
the torch and the plasma jet issuing from the plasma torch. The turbulence that develops in the jet flow
issuing in air is modeled by a large Eddy simulation model that computes the largest structures of the

flow which carry most of the energy and momentum.

Keywords Modeling, large Eddy simulation, solution pre-
cursor, liquid injection, plasma spraying

1. Introduction

During the last decade, many plasma spraying-based
techniques (Ref 1-8) using liquid feedstock have been
developed to create nanostructured coatings. Indeed, a
decrease in the grain size results in a significant increase in
the volume fraction of grain boundaries or interfaces that
strongly influences the chemical and physical properties of
the material.

These techniques use either suspensions of fine parti-
cles or solutions. The latter are made by dissolving of
metal salts or organometallic precursors or liquid metal
precursors in a solvent. The suspension precursors consist
of nano- or micro-sized particles, aqueous or organic
solvents and effective dispersing agents that develop
repulsive forces and prevent the aggregation of particles.
In both cases, the liquid feedstock must be stable and
homogeneous with a low viscosity.
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When the spray techniques use conventional DC plas-
ma torches, the feedstock is generally injected perpen-
dicularly to the plasma jet axis in liquid jet or droplet form
that are subjected to breakup and evaporation in the hot
gas flow. Once the solvent is evaporated, the fine particles
contained in the suspension droplets are heated and
accelerated and impact, in a molten or semi molten state,
on the substrate, depending on the particle trajectories as
in conventional plasma spraying. In the case of dissolved
chemicals, the precursor undergoes rapid breakup and
evaporation in the plasma followed by precipitation
and pyrolysis. The mechanisms that control the thermal
and chemical treatment are also critically dependent on
the trajectories of the droplets in the plasma jet (Ref 6).

Research studies (Ref 1-7) carried out to understand the
mechanisms governing coating deposition in liquid pre-
cursor plasma spraying have shown that this technology is
faced with two main difficulties: (i) the injection and pen-
etration of the liquid feedstock into the fluctuating gas flow
and (ii) the heterogeneous behaviour of the droplets in the
core and periphery of the plasma jet. Similar problems are
encountered in conventional powder plasma spraying but
in liquid precursor plasma spraying they are aggravated (i)
because of the low specific density of droplets that makes
them very sensitive to fluctuations of the plasma jet and
possible drifts in the nominal conditions of the process, and
(ii) because of the fragmentation of the droplets in smaller
droplets and the intense evaporation undergone by the
liquid precursor in the plasma jet.

This study deals with the injection of droplets in a
plasma jet and uses a three-dimensional (3D) and time-
dependent model of the plasma jet issuing in air in con-
junction with a large Eddy simulation (LES) turbulence
model to examine the influence of the arc voltage fluctu-
ation amplitude and frequency on the time-evolution of
the plasma jet flow fields and droplet injection. The LES
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model is becoming a standard tool to study the dynamics
of turbulent plasma flames but has not been applied to
plasma jets. It makes it possible to compute the transient
large-scale structures of the flow that contain most of the
energy and momentum and are naturally embedded in the
governing equations while the smaller dissipative scales
have been found to be more universal, and hence are more
easily modeled by conventional turbulence models. Model
projections are compared with experimental measure-
ments and predictions of the 3D model when using k—¢
turbulence model. The latter that is based on the isotropic
eddy viscosity concept and Reynolds Averaged Navier-
Stokes (RANS) modeling approach is by far the most
popular and most widely used turbulence model. It con-
sists of two transport equations. The first transported
variable is the specific turbulent kinetic energy, k, and the
second variable is the turbulent dissipation, ¢, that deter-
mines the scale of the turbulence.

2. Liquid Feedstock Injection
in the Plasma Jet

The liquid is commonly injected into the plasma jet
either by pneumatic or mechanical injection. In the former
technique, the liquid is atomized by a gas jet into droplets
that have a broad size (5-100 pm in diameter) and velocity
distribution (5-100 m s™'). The sizes of the atomized
droplets depend on the pressure in the liquid reservoir,
atomisation gas flow rate and nozzle diameter. Owing to
the distribution in droplet sizes and velocities, not all the
droplets penetrate the same region of the plasma flow and,
thus, undergo different thermal and chemical treatment.
In addition, the colder and denser atomisation gas can
perturb the plasma flow.

In mechanical injection systems, the liquid is fed from a
pressurized reservoir through a precision nozzle (50-
150 pm in diameter). The geometry of the nozzle flow
depends on the geometry of the nozzle and reservoir
pressure. The liquid stream can undergo a primary break-
up, caused by waves that form on the surface of the stream
after it has travelled some distance from the nozzle outlet
plane. These waves grow in amplitude while maintaining a
constant wavelength.

A transition occurs as the waves form more of a
localized 3D structure, most likely dominated by surface
tension effects. Large-scale breakup of the sheet takes
place rapidly at this transition point. The use of an addi-
tional system that delivers constant pressure pulses (Ref 2,
7) makes it possible to break up the liquid stream into
mono-sized and equidistant droplets and to independently
control the liquid flow rate and size and velocity of
droplets. Table 1 summarizes the characteristics of these
various systems of injection.

Irrespective of the injection system, the liquid stream
or droplets undergo fragmentation and evaporation as
they enter the plasma jet. Calculations of droplet frag-
mentation by using a force balance between the drag force
and surface tension force showed that the fragmentation
time of droplets 50-300 um in diameter was shorter by 2-3
orders of magnitude than the vaporisation time (Ref 3).
Therefore, the fragmentation process will condition to a
great extent the trajectory and, thus, the heat and chem-
ical treatment of the final droplets.

The diameter of the fragmented droplets is inversely
proportional to the plasma momentum density p.v>. As
the plasma jet issuing from conventional plasma torches is
characterized by time- and space-variation, the diameter
of droplets after break-up will depend on the time and
location where they are injected. Indeed, in the section of

Table 1 Characteristics of the systems commonly used to inject liquid feedstock in plasma jets

Injection system Photograph Operating Droplet main
of the nozzle flow parameters characteristics
Pneumatic (Ref 1, 3, 5) Pressure in tanks (1-8 bars) d ~ 5-40
Atomisation gas flow rate ® ~ 5-100
Diameter of injector nozzle (150 pm) v ~ 5-100
Mechanical Linear liquid jet Magnetrostrictive Pressure in tanks (1-8 bars) d ~ 10-30
(Ref 2,3,7) drive rod injector Diameter of injector nozzle (150 pm) ® ~ 300
| v ~ 10-35
Ink jet printer Pressure in tanks (1-5 bars) d~13
Diameter of injector nozzle (50 um) ® ~ 100
e L R v ~ 10-20

d (mL min™) is the liquid flow rate; ® (um) and v (m s™!) are the droplet diameter and velocity, respectively
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the flow where the liquid is injected, the temperature in-
creases from 300 K in the periphery of the plasma flow up
to 10,000-12,000 K in the core of the flow and the velocity
from 0 to 1,000-2,000 m s™!. Also, the random motion of
the arc inside the nozzle results in time-variation in the arc
voltage V... These fluctuations can be characterized by
the ratio of the amplitude variation of arc voltage AV, to
the time-averaged voltage Vayerage. This ratio varies from
0.25 in the best conditions of the takeover arc operation
mode to 1.5 in the worst conditions of the restrike mode
(Ref 9). These arc fluctuations protect the anode wall from
erosion but they result in fluctuations in the enthalpy input
to the plasma-forming gas in unison with the voltage
fluctuations. The relative variation of the plasma velocity
at the nozzle exit may be as high as the ratio AV, /
Vaverage; the variation of temperature is much lower since
at temperature ranges between 9,000 and 12,000 K, heat is
stored in the gas species in the form of ionisation energy
that acts as a thermal inertia wheel and dampens the
plasma temperature variation.

In the plane of injection of the liquid, the momentum
density of the plasma jet p.v* varies drastically with time
and the fragmentation process fluctuates accordingly, as
observed by Etchart-Salas et al. (Ref 4). In order to do
this, they used a fast shutter camera (Oseir’s Spray-
Watch®) coupled with a laser flash at 808 nm and trig-
gered by a defined instantaneous voltage level of the
plasma torch. They showed that the voltage fluctuations
amplitude, which was increased by shifting from argon-
helium to argon-hydrogen as plasma-forming gas, strongly
affects the fragmentation of the liquid stream. They also
observed a significant variation in the distribution of the
droplets trajectories as the volume in which the droplets
were travelling seemed to contract or expand at the rate of
the arc fluctuation frequency.

3. Operating Conditions and
Methodology of the Numerical Study

The objective of the numerical simulations is to inves-
tigate separately the effect of the amplitude of variation
and frequency of the arc voltage on liquid injection in the
plasma jet. The methodology followed in this study is the
following:

1. Selection of a reference case: computations of the arc
dynamics inside the plasma torch with a magneto
hydrodynamic (MHD) model (Ref 10) and compu-
tation of the plasma jet issuing from the torch. These
computations were performed with a plasma torch of
6-mm nozzle diameter, plasma-forming gas composed
of 45 slm of argon and 15 slm of hydrogen and arc
current of 600 A. Under these conditions, the arc
operates in the restrike mode in an actual plasma
torch, because of the high gas flow rate and content
of hydrogen (25%) in the plasma-forming gas. The
computations made it possible to predict the time-
variation of arc voltage (see Fig. 1) and enthalpy
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Fig. 1 Predicted time-evolution of arc voltage—reference case
conditions

input to the gas as well as the temperature and
velocity fields inside the torch. After validation of the
predictions by comparison of the predicted and
actual time-variation of arc voltage, the frequency,
amplitude of arc fluctuations and space-distribution
of the gas enthalpy in the exit plane of the torch
were kept as reference data for the subsequent
computations.

2. The computations of the time-variation of the tem-
perature, velocity and concentration of plasma-form-
ing gas outside the torch were, then, performed with
the same voltage amplitude variation and enthalpy
distribution in the exit plane of the torch as the ones
predicted with the reference case conditions but with a
fluctuation frequency multiplied by 3.

3. Finally, for the same arc fluctuation frequency as in
the reference case, the amplitude of enthalpy variation
was decreased so that it corresponded to a voltage
fluctuation divided by 4.

4. Description of the Mathematical Model

4.1 Mathematical Model

Model assumptions: In this study, the transient and 3D
model of the plasma jet issuing in ambient air is based on
the following assumptions:

e Local thermodynamic equilibrium (LTE) prevails in
the flow. This assumption is generally accepted in the
modeling of atmospheric plasma jets because of the
high elementary particles number densities that favour
a strong collisional coupling for the exchange of energy
between electrons and heavy particles, including
chemical reactions such as ionisation and recombina-
tion (Ref 11). The medium is considered as a contin-
uum, the plasma flow as a Newtonian fluid and the
plasma gas as optically thin (Ref 12).

o Two gases are considered: the plasma gas and ambient
air. In addition, it is supposed that no demixing effect
and chemical reactions occurred in the gas phase.
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o The gas flow is subsonic. Preliminary calculations have
shown that, under the spraying conditions of the study,
the Mach number is maximum inside the plasma torch
and lower than 0.6.

e The turbulence phenomena are modeled using the
Smagorinsky LES model (Ref 13) and the standard k—¢
model.

Mathematical equations: The governing equations of
the model are the conservation equations of mass, species,
momentum, energy and turbulence that are written in 3D
Cartesian coordinates and solved by using the commercial
computational fluid dynamics (CFD) code Code_Saturne®
1.2.1 (Ref 14). The latter is a software package suitable for
steady or unsteady, incompressible, dilatable, turbulent,
multi-component reactive flows. It uses a numerical finite
volume methods discretization applied to hybrid unstruc-
tured non-conformal and a multi-bloc mesh grid associ-
ated with the SIMPLEC algorithm with fourth-order
numerical schemes.

The LES approach is implicitly filtered, meaning that
the computational grid and discretization operators are
considered as the filtering of the governing equations.
The turbulent flow field is divided into grid-resolved and
unresolved scales, where the unresolved scales must be
modeled. The effect of the unresolved scales cannot be
completely discarded and appears as an additional term
in the ‘filtered’ Navier-Stokes equations involving the
divergence of ‘the sub-grid scale stress tensor.” To close
the system of equations and solve it numerically, this
additional unknown has to be modeled in terms of
the other parameters. The most widely used model for
the subgrid scale stress remains the Smagorinsky model
that relates the sub-grid scale stress to the resolved
strain rate tensor via an eddy viscosity 1, The essential
difference between the LES and the k—& models is that
in the former model p, represents the dissipation due to
the non-resolved part, whereas in the k—& model it
represents the dissipation of the whole spectrum of the
fluctuating movement. In addition, the RANS approach
involves time-averaging of the momentum equations
and makes it possible to capture unsteady flow behav-
iour occurring over time scales at least an order of
magnitude larger than the scales of the turbulent
fluctuations.

The space-filtered non-stationary conservation equa-
tions used in the LES approach are the following:

e mass conservation:
op
ot
e momentum conservation:

+div(pv) =0

a(pv . .
% + div(pyv @ v) = —grad(p) + pg + div(1)

e energy conservation:
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%[ﬁ) + div(pvH) = div Kcip + P%) grad(ﬁ)}

o mass fraction conservation:

d(pm)
ot

+ div(pvm) = div KKm + ;—;) grad(m)}
t

where v, gas velocity; p, its density; ¢, time; p, pressure;
g, gravity; 1, viscous strength tensor; C,, gas-specific
enthalpy; H, its mass enthalpy; «, thermal conductivity;
Pr,, turbulent Prandtl number; m, mass fraction of spe-
cies and K,, molecular diffusivity. The species diffusion
is assumed to be equal to the heat diffusion. As tur-
bulent diffusion increases rapidly and becomes prepon-
derant compared to the molecular one, this assumption
is acceptable.

The viscous stresses tensor depends on the laminar and
turbulent viscosity (1, and p,) and filtered strain rate tensor D

2
T=2(w +1)D — 3 (b +n,) tr(D)l

with D =1 (g—ﬁ; + g% and p, = p(CA)*v/2DDwhere tr(D)
is the trace of the matrix D, 14 the identity matrix, A the
filter width resulting of the finite volume discretization and
C=0.18, the Smagorinsky constant. The time-dependent
velocity and enthalpy profiles at the plasma torch exit
resulting from the MHD calculations of the arc dynamics
inside the torch nozzle are used as input data for the
boundary conditions at nozzle exit.

The boundary conditions for the turbulent energy k
and its dissipation ¢ at the domain inlet are given by the
following expressions: k(r)=0.5(I,v(r))*, where I, is the
turbulent intensity set to 2% and &(r) = Cukz(r)/Lm, where
L., is a mixing length expressed in terms of the torch ra-
dius as L, =0.075 Roren and C,, = 0.09 (Ref 15).

The acceleration of droplets injected in the flow are
calculated with a Lagrangian scheme assuming that they
are punctual and spherical and do not collide with other
droplets in the spray jet. The droplet break-up and evap-
oration are not considered in this study that deals essen-
tially with the time-dependent phenomena at droplet
injection. The droplet trajectory and velocity are deter-
mined from a force balance that involves gravity, buoy-
ancy force, pressure gradient and drag forces.

Calculation domain for the plasma jet issuing from the
plasma torch: The 3D calculation domain (Fig. 2) includes
part of the torch nozzle (3 mm in length and 6 mm in
diameter) in the internal field and the plasma free jet and
substrate in the external field.

The latter is contained in a truncated cone 100 mm
high, radius of the small base 48 mm and of the large base
72 mm. The liquid injector is located at 8§ mm downstream
of the torch exit and 12 mm above the plasma axis. The
numerical grid consists of 187,200 nodes with a finer mesh
close to the walls to provide for an accurate calculation of
the heat flux.

Journal of Thermal Spray Technology



5. Results and Discussion

5.1 Flow Behaviour

Figures 3-5 show the time-dependent predictions of the
flow behaviour performed with the ‘reference’ torch
operating conditions and the LES turbulence model. They
represent a 5,000-K isotherm (chosen for a convenient
visualisation) colored by the mass fraction of plasma gas,
gas momentum flux (p.v?) and total (molecular plus tur-
bulent) viscosity of the plasma flow, respectively, in the
x—y injection plane. The latter is parallel to the plane of
the nozzle exit and contains the injector axis.

5 mm
t Injector
Torch wall
12 mm
™ &
48 mm | Torch exit : 6 mm
L_ .
Torch wall

3 mm

.z

Fig. 2 Calculation domain

Free-boundary

é

Figure 3 clearly reveals (i) the hot puffs of the plasma
gas traveling with the flow at the same frequency as arc
fluctuations and (ii) the rotation of the plasma jet due to
the rotation of the arc attachment on the anode wall be-
cause of the vortex injection of the plasma-forming gas.
The length of the plasma jet, defined by the 5,000-K iso-
therm, fluctuates between 50 and 100 mm.

Figures 4 and 5 also show that the two key parameters
that condition the precursor injection in the plasma flow
(gas momentum density and total viscosity) are continu-
ously varying in the particle injection zone, due to the
variation in the length of the electric arc and location of
the anodic arc root. As the droplet momentum imparted

72 mm

100 mm
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Fig. 3 5,000-K isotherm colored by the mass fraction of plasma gas at five different step times (7, T+ T/5, T+2T/5, T+3T/5, T+4T/5

where T is the arc fluctuation period)—reference case conditions
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Fig. 4 Momentum flux (kg m™" s72) in the droplet injection plane at five different step times (7, T+ T/5, ...)—reference case conditions
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by the carrier gas cannot follow the arc root fluctuations,
the droplet trajectories fluctuate accordingly.

The maximum molecular viscosity is located near the
axis of the plasma jet where the highest temperatures
prevail, whereas the maximum turbulent viscosity that
results from the gas flow shearing is located at the
periphery of the jet and about twice greater.

Figure 6 shows the predicted gas velocity and temper-
ature along the torch axis given by both turbulence models
used in this study as well as experimental measurements
(Ref 15). Predictions are averaged over four periods of the
arc fluctuations. It should be noticed that with the k—
model, the turbulence proceeds suddenly at about 1.5 cm
from the torch exit, whereas with the LES model, it pro-
ceeds more regularly. The time-averaged projections from
both models show reasonable agreement with experi-
ments. The predictions achieved with the k—e should
probably be improved by adjusting the level of turbulence
intensity at the nozzle exit and constants of the model to
delay and modify the turbulence development.
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383004
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5.2 Droplet Injection

Figure 7 shows the trajectories, in the y-z plane, of
droplets injected at three different instants of the arc
fluctuation period 7. It should be noted that as the droplet
break-up and evaporation are not taken account in this
study, only the first part of the trajectories are represen-
tative of the droplet actual behaviour. Droplets with
diameter of 20, 40 and 60 um were introduced at the same
time and point of the calculation domain (see Fig. 2) with
an initial radial velocity of 30 m s™'.

As experimentally observed and as expected, the pen-
etration of the larger droplets in the plasma jet is easier
than for the smaller ones, at least in the penetration zone.
Also, the larger droplets are less affected by the plasma
fluctuations than the smaller droplets. It must be noted
that, due to their low mass inertia, the 10-um droplets do
not penetrate the plasma jet with the specified injection
velocity whatever the instant of injection. In addition,
even if the droplets are injected at the same time, their

Hi+ B lkgmts) g + g (kgm s ) B+ Hy (kg.mis)
W 5.00e-04 W 500e-04  500e-04
38304 383e-04 3.83e-04
2.50e-04 250e-04 2.50e-04
r I 1.48e-04 I”a,.m
3.00e-05 3.00e-05
T+3T/5 I+4T/5

Fig. 5 Total viscosity in the droplet injection plane (kg m™' s™') at five different step times (T, T+ T/5, ...)—reference case conditions
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Fig. 6 Time-averaged evolution of predicted and measured gas velocity and temperature along the torch axis
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Fig. 7 Droplet trajectories in the y—z plane—reference case conditions
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Fig. 8 Effect of arc fluctuation parameters on droplet trajectories

dwell time will depend on their size and also place where
they penetrate the plasma jet. Therefore, they can see
different turbulence level and be embedded in different
eddies. This may explain that the 40-pum droplet trajectory
is not located between the trajectories of the 20- and 60-
pm droplets.

The width of the droplet spray jet changes between 1.5
and 2.5 mm at 20 mm from the plasma torch exit; this
variation is mainly due to the combine effects of the time-
variation of the plasma jet momentum and viscosity. In
addition, the size of the fragmented droplets that is con-
trolled by the plasma jet momentum will depend on the
instant of injection.

5.3 Influence of Arc Fluctuation Frequency and
Amplitude on Particle Behaviour

Figure 8 shows the effect on droplet trajectories, of an
increase by a factor 3 of the arc fluctuation frequency.
Each graph corresponds to different droplet sizes and in-
stants of injection.

It should be noted, for a droplet with a given size, that

e an increase in the arc fluctuation frequency brings
about a lower droplet dispersion, and

o adecrease of the arc voltage fluctuation amplitude also
results in a lower dispersion of the droplet spray jet.

As expected, both effects are more marked for the
small droplets.

6. Conclusion

Plasma spraying using liquid feedstock involves intri-
cate interactions between the fluctuating gas jet and in-
jected droplets. They result in time-dependent droplet
parameter distributions. The development of realistic
models can help to get a better understanding of these
complex interactions and also to define an operating
window to improve the injection and treatment of liquid
precursors. In this study, 3D numerical models have been
used to examine the influence of the arc voltage fluctua-
tion amplitude and frequency on the time-evolution of the
plasma jet flow fields and droplet injection. They involved
arc dynamics inside the plasma torch, time-behaviour of
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the plasma jet issuing in the ambient air and droplet
injection. They have made it possible to predict the time-
variation of the plasma jet density momentum and vis-
cosity in the plane where the precursor droplets are in-
jected. They have also showed, as experimentally
observed, that high arc fluctuation frequency and low-
voltage amplitude fluctuation result in a less dispersed
spray jet and a more homogeneous thermal treatment, for
a given particle size.

The developments in hand relate to (i) the effect of grid
refinement and Smagorinsky constant value on the tur-
bulence development predicted by the LES model, (ii) the
use of more space-resolved velocity and enthalpy bound-
ary conditions at the nozzle exit for the plasma jet model
and (iii) to the coupling of the models of droplet frag-
mentation and evaporation with the non-stationary
behaviour of the flow.
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