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Abstract

Suspension plasma spraying allows forming finely structured coatings by injecting
suspensions of ceramic particles within a dc plasma jet. The electric arc motion in dc plasma
torch is the main acoustic source which is modified by the injection of suspension. The
analyses of cross-correlations between the arc voltage and the acoustic signal show a decrease
in time propagations due to local cooling of the plasma jet when injecting suspensions.
Moreover, power spectra highlight acoustic amplifications below a certain frequency threshold
and attenuations above. A simplified model of the frequency acoustic response of a two-phase
vaporizing mixture is used to interpret experimental measurements. These acoustic effects are
due to the dynamics of thermal transfers between vaporizing liquid and plasma.

(Some figures in this article are in colour only in the electronic version)

Nomenclature V,  volume of plasma phase (m?)
V,  volume of droplet phase (m?)
c sound velocity (ms™") Vm  volume of plasma and droplet phases
c¢  liquid specific heat Jkg=' K1) (Vg + V) (m?)
¢,  plasma specific heat Jkg=! K1) w  vaporization rate per volume unit (kg s~' m~3)
d droplet diameter (m) Wy  total electric power (W)
f frequency (Hz) y isentropic exponent
ho  mean specific enthalpy (Tkg™') K plasma thermal conductivity (W m~! K1)
1 arc current (A) 0 mass concentration of plasma phase (kg m—)
k phase mass ratio (0,/p) p¢  density of liquid (kg m—3)
L, latent heat of vaporization (J kg~') Pp  mass concentration of droplet phase (kg m~3)
mg  gas mass flow rate (kg s7h Ty characteristic time of vaporization (s)
M, mass of plasma phase (kg) &y, electrode thermal heat losses (W)
M, mass of droplet phase (kg) w angular frequency (rads~!)
n droplet number
N response factor 1. Introduction
N,  droplet number per unit volume (m~?)
p  pressure (Pa) For the last decade many research efforts have been focused on
po  mean pressure (Pa) the development of elaboration techniques of nanostructured
p’  acoustic pressure (Pa) ceramics coatings with intermediate thicknesses (2—50 pem) for
py  saturation vapour pressure (Pa) solid oxide fuel cell components, wear resistance or photo-
Q, convective power per volume unit (W m™) catalytic applications, thermal barrier coatings [1]. The use of
T mean plasma temperature (K) thermal plasma sources in solution precursor plasma spraying
T,  mean droplet phase temperature (K) (SPPS) or in suspension plasma spraying (SPS) presents
V- arc voltage (V) unique advantages because they involve high levels of specific
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enthalpy and momentum allowing efficient thermal, reactive
and dynamic treatments of solid or liquid precursors.

In both processes, liquid and solid precursors are injected
within a dc plasma jet, are plasma-treated and sprayed onto a
prepared substrate to form finely structured coatings. The main
similarity between SPPS and SPS can be ascribed to the liquid
injection mode in the plasma. This is because submicrometre
solid particles must be injected to form nanostructured coatings
and, due to their low inertia, they require a liquid carrier to
bring them in the core of the plasma jet. In SPPS, a fully
liquid precursor is injected and vaporization processes favour
the formation of solid precipitates which are plasma sprayed.
In the case of SPS, a suspension is injected and consists
of a solvent in which submicrometre ceramic particles are
dispersed by using a dispersant. The latter allows adsorbing
at the solid particles surface polymeric chains which exert
electrostatic and steric repulsions between solid particles,
avoiding their agglomeration.

Precursors are injected as droplet clouds in SPPS or by
using a liquid jet (continuous or not) in SPS whose diameter
is about 300 um. In the latter case, the plasma/liquid jet
interaction first produces a primary fragmentation resulting
in droplet size distribution within the plasma, and liquid
vaporization processes arise later.

The fragmentation and vaporization processes completely
govern the particle trajectories in the plasma plume further
downstream from the nozzle exit [2]. That is why it is
particularly important to control the liquid injection and its
interaction with the plasma jet. It is indeed well known that
the dc plasma torch produces strong arc instabilities and a slow
decrease in the energetic performance of the plasma torch due
to erosion electrode phenomena.

Hence, depending on their size and trajectories, the
particles experience different thermal histories and trajectories
leading to different molten states and impact location onto
the substrate. Depending upon the fraction of poorly treated
particles (processed or re-solidified in the plasma jet core
fringes) to the one appropriately treated (processed in the
plasma core and in a molten state when impacting), the coating
architecture will evolve from fairly dense (low fraction of
poorly treated) to fairly porous (high fraction of poorly treated).

In general, the conventional diagnostic techniques are not
suited to investigate the plasma/precursor interaction. For
example, the optical emission spectroscopy technique must
tackle not only the problem of the assumption regarding the
non-local thermodynamical equilibrium due to vaporization
and also the Abel inversion which cannot be applied due to the
asymmetry of the plasma jet when injecting [3]. Moreover,
in SPS, the number of solid particles injected per time unit
can reach 10° s~!. Consequently, diagnostic techniques (e.g.
laser anemometry) based on the diagnostic of one particle
to obtain velocity or temperature cannot be used due to the
particle size and their flow rate. Furthermore, other techniques
based on cross-correlations of light signals emitted by particles
recorded at two distinct locations cannot be obtained with
accuracy if these measurements are performed within the
plasma plume. In general, for example in SPS, the range
of interest corresponds to the first tens of millimetres in the
plasma plume.

Suspension liquid Microphone

jet

Cathode

Anode

Coating

Figure 1. SPS and microphone positioning.

In this paper, we use acoustic diagnostics to investigate
the suspension/plasma interaction. The sources of acoustic
emissions generated by electric arcs were studied by Fitaire [4]
and Dadgar [5]. Sound refraction from dc plasma torches was
highlighted by Pauvit et al [6] and acoustic diagnostics were
used by Badie ef al [7] to study the turbulent transition of the
dc plasma jet.

This paper presents, to our knowledge, the first report
concerning the acoustic response of a dc plasma jet to the
injection of a suspension of submicrometre particles. A
physical interpretation of the observed phenomena is proposed
and also an on-line control method of the quality injection in
the SPS process. Section 2 presents experimental facilities
and procedures. Section 3 shows the acoustic signature of
the suspension/plasma jet interaction. Section 4 presents a
simplified analytical model to interpret measurements.

2. Experimental descriptions

2.1. Dc plasma torch

A dc commercial (SMF4) plasma torch is power supplied with
a current regulated source and the gas feeding rate is controlled
with a mass flow meter. The process is depicted in figure 1.
The input parameters are the arc current, /, the gas mass flow
rate, m, and the gas composition. The dependent, or output,
parameters are the arc voltage, V, and the heat losses to the
electrodes, ®y,.

Measurements of V, I and &y, allow characterizing the
plasma torch [8], i.e. determining a mean effective specific
enthalpy of the plasma jet g such that hg = (VI — $y,) /1.

A digital multimeter successively samples at 50 Hz with
an accuracy of 16 bits three channels corresponding to the
arc voltage V through a dividing voltage bridge, the arc
current / by using a shunt resistance and the electrode thermal
losses. The latter are deduced from calorimetric measurements
performed on the water cooling system of the plasma torch. A
procedure of double averaging on each measurement during
approximately 1 min allows the determination of a reliable
mean experimental value. The multimeter is controlled via
a GPIB card by Labview software.
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Pure argon as plasma gas is used in this study and a
mixture of Ar—Hj; as well. These plasma gases are widely used
in plasma spraying because of the properties of momentum
transfers for pure argon and of thermal transfers for hydrogen.
The addition of hydrogen leads to an increase in the electric
field of the column arc and consequently in the mean arc
voltage. This is mainly due to the dissociation of hydrogen
molecules which increases thermal radial losses compensated
by the increase in the Joule heating source (o E?, where o and
E are the electrical conductivity and the electric field of the arc
column) to ensure the arc current flow. The power dissipated
increases in the plasma and heat losses to the electrode as
well. The net power available in the plasma jet is, however,
increased since the mean specific enthalpy is higher for the
Ar-H, mixture than for pure argon as shown in table 1 which
reports the plasma torch operating parameters. The influence
of both plasma mixtures is investigated because a more efficient
vaporizing effect is expected in the case of Ar—H, and therefore
an acoustical response different from that of pure argon.

2.2. Suspensions and their injection in plasma

Suspensions are composed of «-Al,O3 powder (see table 2
for size distribution) dispersed within pure ethanol by using a
phosphate ester as dispersant (1 wt% of powder).

The mass load of powder is 10wt% of ethanol.
Suspensions are stored within air pressurized tanks and
injected through a circular diaphragm (150 um in diameter)
into the plasma jet by applying an air injection pressure varying
from 0.4 to 0.6 MPa.

Figure 2 depicts a time-resolved image of suspension
injection within an Ar—H, (45-15slm) plasma jet operating
at 500 A. This picture was acquired by using synchronized
laser illumination and a camera aperture with a voltage level
of 65 V. This voltage corresponds to the mean voltage. Details
regarding this method were given in [2].

This figure shows that the liquid jet starts to be destabilized
by natural fragmentation outside the plasma because droplet

Table 1. Plasma torch parameters.

Plasma gas Ar—-H, (45-15slm)  Ar (45 slm)
Mean torch voltage (V) 69.90 37.30
Arc current (A) 507.80 502.00
Heat losses @, (kW) 13.30 7.57
Mass flow rate (gs™!) 1.36 1.34
Mean specific enthalpy 16.32 8.32

ho MJkg™")

formation is observed. Then, inside the plasma jet, liquid jet is
fragmented at the necks of the liquid jet instabilities. Further
downstream droplets are fragmented, accelerated, heated and
vaporized. Solid particles contained within these droplets also
undergo acceleration, heating and melting.

Liquid jet velocities outside the plasma jet were measured
as a function of injection pressure used in the frame of this
paper, namely at 0.4 and 0.6 MPa. With the same time-resolved
imaging system as above, drops were illuminated with two
laser pulses whose time gap is known. Consequently, from
the analysis of pictures, drop velocities are deduced. Table 2
reports the results of the measurements and the corresponding
suspension mass flow rate. Moreover, the mean distance
between drops in the liquid jet is found to be 730 £ 60 um. The
drop injection frequency within the plasma jet can be estimated
to range between 35 and 50 kHz.

2.3. Acoustics measurements

Acoustics measurements are performed by using a free-
field 1/4' microphone (type 4954 Bruel & Kjaer, 100kHz
bandwidth). Previous acoustic studies have shown that dc
plasma torches produce acoustical emissions [6,7] out of a
conical axial zone (silent cone) from the nozzle exit. This is
due to flow velocity and sound velocity gradients between the
plasma jet and surrounding air. The conservation of the axial
velocity component between each region with different flows
and sound velocities causes curvature of acoustic rays [9].

The microphone sensor is therefore positioned out the
silent cone at 70 mm from the point defined by the axis of
the plasma torch and its perpendicular plane in the nozzle
exit. Moreover, the microphone direction is located in the
plane defined by the torch axis and the suspension injection
direction. The angle between the axis of the plasma torch
and the microphone direction is 45°. This positioning is
important because the microphone directly detects sound
emission coming from the interaction volume. Figure 1 shows
the SPS process and the microphone positioning.

Previous works have shown that characteristic times
of fragmentation processes of liquid are much lower than
those of liquid vaporization [3]. The characteristic times of
fragmentation are about 1 us or below and it is then expected
that the microphone cannot detect the fragmentation processes
because of the frequency bandwidth of the microphone.

Moreover, it has also been shown when performing
optical emission spectroscopy [3] on oxygen atomic lines
from water injected as solvent for suspensions that, 15 mm

Table 2. Suspensions liquid jet parameters.

Powder size distribution

in number (um)
Powder load (wt% of ethanol)
Dispersant (wt% of powder)

Injection pressure (MPa) 0.4
Drops velocity (ms™!) 26.6
Suspension mass flow 0.38

rate (gs™!)

d]() = 004, d50 = 052, dg() = 131

10%
1%
0.6
335
0.47
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Ar-H, (45-15 slm)
65 Volts

Figure 2. Time-resolved image of the injection in SPS. Time
aperture of 10 us synchronized with the instantaneous voltage level
of 65 V. Ar—H, (45-15 sIm), 500 A, internal nozzle diameter of

6 mm.

downstream of the nozzle exit, the mixture of plasma and
water is homogeneous. This means that liquid vaporization is
completed. Since suspensions are injected 2 mm downstream
of the nozzle exit, the interaction volume V; is about 368 mm?,
with an internal anode nozzle diameter of 6 mm. The
microphone being positioned at a distance L of 70 mm from
the nozzle exit (see section 2.3), we check </V; « L. Itis then
supposed that the interaction volume is a source point.

In the case of ethanol as solvent in this paper, it is expected
that this volume interaction is smaller because ethanol has
lower vaporization enthalpy, boiling temperature and specific
heat than water.

Cross-correlations between the arc voltage and the
acoustic signals as well as power spectra are calculated from
time-resolved signals. The latter are measured with 14
bits of accuracy by using a simultaneous data acquisition
PCI computer card piloted by Labview software. Signals
are sampled at 100kHz during 0.2s (i.e. SHz frequency
resolution). The sampling rate corresponds to the maximum
of microphone frequency bandwidth which allows a maximum
frequency fm.x of S0kHz.

In order to compare spectra obtained under different
experimental conditions, the power spectra were normalized
with respect to the variance of the voltage. The instantaneous
voltage, U (t), is the sum of the mean value, V, and of the
fluctuating component, v(¢). The average squared quantities
are linked so that

(U =V*+ (v?), (1

where the last term, (v?), is the variance of the voltage. The
power spectrum, @, ( f), of the voltage fluctuating component,
v(t), that is the squared amplitude of its Fourier components,
is such that

Jmax
/O o, ()df = (). @)

Before normalization, a central moving average of power
spectra is performed for 100 data points. This procedure does
not modify the variance of the signal.

3. Acoustic emissions

Without igniting plasma, the plasma torch used in this study
produces an acoustic emission (whistling) when plasma gas
is flowing. It has been shown that the whistling frequency is
linearly dependent on the gas volume flow rate and corresponds
to the Karman vortex street [10].

When igniting plasma, the Karmén vortices disappear and
the main origin of acoustic emission is related to the electric
arc and its motion inside the torch nozzle as explained below.

3.1. Fitaire law

The origin of acoustic emission in weakly ionized gases
is attributed to the kinetic energy transfers from electrons
accelerated in the electric field to neutral gas. It has been
shown that the time variation of the rate of energy absorbed by
the electrons per unit volume is a source term of the propagation
equation of sound pressure [9]. In particular, Fitaire [4] showed
that this source term is proportional to 0 W/d¢ where W is the
power supplied to electrons through an external electric field.
Later, Dadgar showed that, in the case of transferred electric
arcs, the acoustic amplitude from the electric arc is proportional
to the time variation of the electrical power supplied to the
arc [5]: |
y—10W )
c ot

where a(t) is the instantaneous acoustic amplitude, W is the
total electrical power and y and c, respectively, the isentropic
exponent and sound velocity.

The Fitaire law (equation (3)) shows that acoustic
amplitude and the arc torch voltage are correlated, the arc
current being maintained constant during experiments.

In the case of a blown arc, involved in SPS, equation (3)
must be valid.

Sound emission and the arc torch voltage as well have been
simultaneously recorded, as explained in section 2.3, in order
to validate not only the Fitaire law but also the experimental
protocol of sound recording.

Figure 3 depicts the time dependence of the arc voltage and
the integral of the acoustic signal recorded by the microphone
for an Ar-H, mixture (see table 1). It allows checking the
integration of equation (3). The integration of equation (3) has
been preferred rather than its derivation to limit the influence
of numerical noise.

Itis checked that the arc voltage and the acoustic signal are
linked following equation (3). This means that the electric arc
motion within the anode nozzle is the acoustic source because
the arc length variations entail power supplied variations at
constant arc current transmitted to the plasma gas.

It has to be noted that in figure 3 the acoustic signal has
been time shifted to be in phase with the arc voltage. This shift
is due to the sound propagation delay from the nozzle exit to
the microphone and the phase shift due to the integration of
equation (3) by (—T/4) where T is the signal period.

a(t) «
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Figure 3. Time dependence of the arc torch voltage and the integral of acoustic signal of a blown electric arc Ar-H, (45-15 slm) (see table 1).

3.2. Correlation between the torch voltage and acoustics
signal

As previously explained, the arc voltage time variations are
an acoustical source and, consequently, the arc torch voltage
signal should be correlated with the acoustical one. With
the use of the operating parameters in this study, it has
been recently shown that dc plasma torches can behave like
a Helmholtz acoustical resonator [10,11]. The arc voltage
fluctuations are coupled to pressure oscillations of plasma gas
in the cathode cavity, in the rear part of the plasma torch.

Figure 4(a) depicts the raw power spectrum of the torch
voltage signal operating at 500 A, Ar—H, (4515 slm) without
suspension injection.

In general, the presence of narrow peaks in the power
spectrum means that resonance phenomena occur in the plasma
torch. A quality factor can then be associated with each
peak which depends on irreversible effects such as viscosity
dissipation, turbulence, head losses due to the anode/cathode
position and also on operating parameters. For example, the
works of Kavka et al [12] have shown that the relative position
of the cathode/anode influences the power spectrum of the arc
voltage.

The first peak is always present in the range 4-5 kHz and
is generally the most important. It is clearly identified as a
Helmholtz resonance mode [10]. The amplitude of this mode
is quite sensitive to operating conditions. The volume of the
cathode cavity particularly affects the amplitude and the width
of the Helmholtz peak [10].

The other peak has (around 7kHz) an unclear origin
which probably corresponds to another resonance mode of
the cathode cavity. The remaining spectrum is attributed to
the restrike mode which is a phenomenon more distributed in
frequency as shown in the inset of figure 4(a).

Figure 4(b) depicts the normalized power spectrum of the
torch voltage signal operating at 500 A, Ar-H, (45-15 slm)
without suspension injection (Obar) and with suspension
injection at 4 and 6 bar.

This procedure flattens the weak components occurring
at higher frequencies but this representation was chosen to
highlight the effect of injection on the voltage power spectrum.

It is interesting to observe that the injection of suspension
at the nozzle exit influences the arc voltage since the amplitude
of major and minor peaks of the power spectrum, respectively,
increases and decreases. The flow regime being subsonic,
the pressure perturbations caused by the suspension injection
(see section 4) propagate upstream and slightly modify the
acoustical resonance of the cathode cavity.

Without injection, this main voltage fluctuation (or related
main pressure oscillation) causes an acoustic emission which
propagates within the plasma jet and is recorded by the
microphone. Figure 3 has shown the correlation between
voltage and acoustical pressure through the Fitaire law. The
acoustic and voltage signals are also time correlated due to
the sound propagation. The latter occurs in the plasma jet and
also in the air surrounding the plasma jet up to the microphone.
The sound velocity ¢y depends mainly on the local temperature
(co & +/T) and it is about one order of magnitude higher in
the plasma jet than in air, 3000 ms~! in plasma against about
350ms~! in air. The distance between the cathode tip and
the nozzle exit is around 30 mm and that of the plasma exit
and the microphone 70 mm. Therefore, the propagation time
in the plasma is about 10 and 200 us in air. Because of the
temperature dependence of sound velocity, the propagation
time should be modified due to suspension injection since
the latter causes a local cooling of the plasma jet due to
vaporization processes.

According to the Fitaire law, this propagation time can
be evaluated from the simultaneous measurements of the arc
voltage and the acoustical signal by calculating the cross-
correlations of both signals. However, as suggested in
figure 2, the plasma fluctuations at the nozzle exit entail
non-uniform drops fragmentation and vaporization processes.
Consequently, weak variations in time propagations due to
suspension injection and plasma fluctuations can be expected.
Thus, to obtain a statistical repartition of propagation times,
cross-correlations of arc voltage and the integral of acoustical
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Figure 4. Power spectrum of the torch voltage signals operating at
500 A, Ar-H, (45-15 slm): (a) without suspension injection (0 bar);
(b) without and with suspension injection at 4 and 6 bar. Inset of (a)
shows power spectrum at lower scale. (a) depicts raw
measurements, and in (b), spectra are smoothed by the use of central
moving average and normalized.

signals (the Fitaire law) were calculated. More than 100
propagation times were taken into account. Signals were
sampled at 100kHz during 20 ms. The maximum positions
in cross-correlation functions give time propagations and are
gathered together in a histogram giving the probability density.

Figure 5 presents histograms of measured propagation
times of acoustic signals without suspension injection (0 bar)
and with suspension injection at 4 and 6 bar for an Ar-H,
(45-15slm) plasma operating at 500 A (see table 1). It can
be observed that the absolute values of propagation times are
consistent with the microphone position and the estimated
sound velocity. The latter continuously varies within the
plasma and in the surrounding air. Despite the limited
bandwidth of the microphone (100kHz), a shift to the higher
propagation times can be distinguished when increasing the
pressure injection. Note that increasing the latter is equivalent
to increasing the suspension mass flow rate (see table 2). This
means that the liquid mass per time unit to be vaporized
increases as the injection pressure increases. It can then
be assumed that the local temperature decreases [3], which
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Figure 5. Histograms of measured propagation times of acoustic
signals without suspension injection (0 bar) and with suspension
injection at 4 and 6 bar—Ar—H, (45-15 slm)—500 A.

in turn reduces the sound velocity, and increases the sound
propagation time.

3.3. Power spectrum of acoustic signals

The origin of acoustic emissions when injecting suspension
within a thermal plasma jet is of prime importance in
understanding the involved phenomena. As shown above, the
plasma jet itself produces sounds due to voltage fluctuations.
Moreover, each process involving transient transfers in mass,
momentum and energy should participate in creating sound
emission. The air engulfment downstream from the plasma
jet also produces sound emission due to turbulence [7].
Consequently, since suspension drops are injected with a
frequency between 35 and 50 kHz, the power spectrum should
highlight this injection frequency. It will be shown that the
microphone does not detect this drops emission frequency,
either because of too low microphone sensitivity or because
the drop injection frequency is not accurately defined and is
distributed in a wide frequency range.

Moreover, the fragmentation phenomena which corre-
spond to sudden momentum transfers between the plasma and
the drops present characteristic times below 10 us [3]. Conse-
quently, the microphone will not detect the fragmentation



J. Phys. D: Appl. Phys. 42 (2009) 195202

V Rat and J F Coudert

0.0005
_ 0.0004]
:E —— Obars
£ --- 4bars
E 6 b
2 0.0003]
5
@
Q.
» b
3 | B
$ 0.0002] P
5 S
* \ NN 0bars |'h
A Al
L] b A " Vi Vf
AN P VA
sk TR LS A AT B
g N \:J‘ 0 bars / N
0= : : : :
0 10000 20000 30000 40000 50000

Frequency (Hz)

Figure 6. Power spectra of acoustic signals generated at 500 A,
Ar-H; (45-15 slm) without suspension injection (0 bar) and with
suspension injection (injection pressure: 4 and 6 bar).

processes of individual drops due to a low microphone
frequency bandwidth. Finally, heat transfers from plasma to
drops have characteristic times higher than fragmentation ones,
depending on the local plasma jet thermo-physical properties.
As shown below, the analyses of the power spectrum of
acoustic signals highlight the interaction between drops and
plasma due to liquid vaporization.

Figure 6 presents the power spectra of the acoustic signal
(500 A, Ar-H, (45-15slm)) without suspension injection
(Obar) and with suspension injection (4 and 6 bar). Without
injection, the major peak (~4000 Hz) corresponds to that of
the arc voltage power spectrum (see figure 4). At higher
frequencies and O bar, a progressive increase in the amplitude
is observed. This is linked to the Fitaire law where a(f)
aV/at (a(t) and V are, respectively, the acoustical and voltage
signals). In the Fourier representation, ®,(f) o f2®,(f)
where ®,(f) is the power spectrum of a(t). The high
frequency components of ®,(f) are increased in ®,(f) due
to the quadratic term of frequency.

Power spectra in figure 6 also show that the injection of
suspensions does not create any new frequency components,
but contributes to amplify below 32 kHz and to attenuate above
32kHz the existing frequency components generated by the
plasma itself. The maximum of amplification is observed
around 15 kHz.

This means that the occurrence of other frequency
contributions in power spectra of the arc voltage when
changing the operating parameters will be amplified or
attenuated, depending on the frequency, in power spectra of
sound signal.

Figure 7 depicts the power spectra of the acoustic signal
generated at 500 A with pure argon plasma (45 slm) without
suspension injection (Qbar) and with suspension injection
(4 and 6 bar). The same behaviour is observed with pure argon
as with Ar-H, mixture. The effect of acoustic amplification
is observed below 20kHz and the attenuation above. The
maximum of amplification is around 12 kHz.
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0.0002 1

Power Spectrum (a.u.)
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0 10000 20000 30000 40000
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Figure 7. Power spectra of acoustic signals generated at 500 A, Ar
(45 slm) without suspension injection (0 bar) and with suspension
injection (injection pressure: 4 and 6 bar).

For both plasma compositions (pure argon and Ar—Hj),
acoustic waves produced by the plasma are amplified below
a certain threshold and are damped above. This transition is
observed at lower frequency for pure argon than for Ar-H,.

4. Discussion

The physical interpretation of this sound emission is delicate
because of the complexity of the plasma medium which
is highly inhomogeneous and dissipative. It is out of
the scope of this paper to model the sound emission
due to plasma/suspension interaction. Instead, a semi-
quantitative approach is preferred to physically interpret sound
attenuation or amplification effects. The following discussion
is based on pioneering works of Heidmann and Wieber
(HW) [13] regarding acoustic mode instability in a rocket
engine combustor. They indeed observed attenuation and
amplification of sound due to propellant vaporization. The
acoustic amplification can lead to unstable combustion for
which many efforts are produced [14] to control damping or
driving mechanisms of acoustic instabilities.

Establishing simplified mass and energy conservation
equations of a droplet immersed in a uniform and steady hot
gas, they studied the variation of the droplet vaporization rate
(kg s due to the acoustic pressure in a linear approximation.
The droplet mass and energy equations are linearized because
acoustic perturbations are weak with respect to ambient
pressure. The pressure p can be written as p = pg + p’, where
po and p’ are, respectively, the mean value and the acoustic
pressure. This acoustic perturbation is therefore superimposed
on the unperturbed behaviour of the droplet and can modify
the heat and mass transfers.

Heidmann and Wieber defined the acoustic response
(response factor, N) of such a system.

The response factor is based upon the Rayleigh criterion
[15] which states that acoustic amplification occurs if energy
(or mass) is added to the propagating acoustic wave when
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Figure 8. Temperature dependence of density and specific heat of
Ar-H; (75 mol%Ar) plasma at atmospheric pressure [16].

pressure is above its mean value. Conversely, attenuation
occurs when mass is added when pressure is below its mean
value. As shown below, the calculation of the response factor
roughly consists of evaluating the product p’ - w’, where @’ is
the perturbation of the vaporization rate due to p'.

However, the HW model does not consider the variations
of the local thermal properties (temperature, specific heat,
density) which are known to be very important in thermal
plasmas. For example, figure 8 shows the temperature
dependence of density and specific heat of an Ar—H;
(75 mol%Ar) thermal plasma calculated at atmospheric
pressure [16]. The plasma density is seen to decrease
as temperature increases and specific heat as a function
of temperature shows strong non-linear behaviour. The
low temperature peak corresponds to hydrogen molecules
dissociation whereas the higher temperature peak accounts for
ionization reactions of argon and hydrogen atoms.

Moreover, the HW model does not consider the mass
and energy conservation equations of heating gas. Finally,
as shown below, the frequency positive response according to
the HW model presents a width which is much higher than that
obtained in the experimental study.

Consequently, a model similar to that of HW is proposed
in the next section, where mass and energy conservation
equations of the plasma are considered. The frequency
response of a two-phase vaporizing mixture consisting of a
plasma phase and a droplet phase is derived.

4.1. Simplified model of frequency acoustic response of a
two-phase vaporizing mixture

The arc generated plasma volume and its mass are, respectively,
Vg and M,. A phase consisting of n droplets with a diameter
d, each with a density p,, occupies an overall volume V,
and a mass M, and is being vaporized by a plasma. In the
interaction volume detected by the microphone, the number
of droplets per unit volume is N, = n/Vy, where Vy, is the
volume of the mixture, i.e. Vi, = V, + V,, and is assumed
to be constant. This assumption is justified by the fact that
characteristic times of droplet fragmentation are much lower
than those of vaporization [3], hence vaporization starts after
the fragmentation processes. The volume V;, corresponds to

the volume interaction between the plasma and the droplets
where secondary fragmentation can be neglected, i.e. the
darkened region on the right-hand side of figure 2.

The droplet number entering the volume, due to
fragmentation, is supposed to be equal to the droplet number
leaving the interaction volume due to vaporization.

The plasma gas is an argon—hydrogen mixture (75 mol%
argon) and the liquid phase is ethanol. Note that droplets
contain solid particles which fix their diameter.

The mass concentrations of the droplet phase and the
plasma gas phase are, respectively, defined as p, = M,/ Vy
and p = Mg/ Vy,. With these definitions, the ratio of mass flow
rates of the droplet phase to the plasma gas phase is written as

o —g, 4)
Mg
where k = pp/p.

This simplified model will consist of linearizing
conservation equations for each phase exchanging mass and
energy in order to obtain the frequency acoustic response of
the vaporizing mixture, i.e. the response factor.

4.1.1. Response factor. Due to plasma convective heating,
droplet temperature can increase, resulting in an increase in
saturation vapour pressure and therefore in an increase in
vaporized mass. Consequently, if acoustic pressure modifies
convective heating flux, it will also affect the vaporization
rate. If the vaporization rate is above its mean value when
pressure is also above its mean value, the acoustic pressure
is encouraged and sound amplification occurs, following the
Rayleigh criterion previously mentioned. However, if the
vaporization rate is above its mean value when pressure is
below its mean value, the acoustic pressure will be damped
and sound attenuation takes place.

The response factor, N, is defined by the HW model [13]
as the integral value of such an energy (or mass) addition over
a given period of time, ¢, in a finite volume, V, normalized by
the magnitude of pressure perturbation:

[ [, q' @, Vp', V)dVde
N =
[ [, (p'(t, V))2dV dr

where ¢’ and p’ are, respectively, the energy (or mass) and
pressure perturbations, and are non-dimensional quantities.
Note that the non-dimensional perturbed quantities, x, will
be defined as x’ = (x — xg)/xo, Where xy is the unperturbed
(mean) value of x.

In the following, we will assume a sinusoidal variation for
g’ and p’ with the same period and that ¢’ and p’ are uniform
over a finite volume. The response factor is then written [13]:

, ®

N = Tmax o9, 6)

where p’(t) = pi.,, sin(wt) and ¢ (1) = q,,,, sin(wt + 6).
Complex variations of implied quantities will be used.
The response factor N* will then be a complex function;
consequently, we will calculate N (w) = N cos 6, where w, N
and 6 are, respectively, the angular frequency of the acoustic
perturbation, the modulus of the response factor and its angle.



J. Phys. D: Appl. Phys. 42 (2009) 195202

V Rat and J F Coudert

When the frequency response is positive, acoustic ampli-
fication occurs and when negative, attenuation dominates.

4.1.2. Assumptions.

e The droplet phase and the plasma gas phase are assumed
to be continuous and their properties are uniform. Only
the time dependence of properties is taken into account.
Mass and energy transfers due to vaporization between
the two phases are considered in a quasi-steady state.
Energy transfers from the plasma gas are assumed to be
mainly convective, radiation is not considered. Moreover,
momentum transfers are not taken into account because
velocity measurements performed by Bisson er al [17]
have shown that products resulting from the suspension
jet fragmentation (droplets and particles) follow plasma
fluctuations. This means that the velocity of these
products rapidly reaches the plasma gas velocity with a
characteristic time of about 2 x 1073 s for micrometre
particles (see [18]). The influence of the momentum
transfer is therefore expected to be out of range of the
frequency of interest, i.e. above 50kHz.
This implies that the Reynolds number is low (< 1).
e Energy transfers and vaporization rate are unchanged
during vaporization
e Droplets are assumed to be spherical, rigid, uniform in
temperature and changes in diameter are negligible during
one period of pressure oscillation.
Specific heats and mean densities of both phases and
vaporization latent heat are only dependent on mean
temperatures.  They are considered constant when
linearizing equations.
e Diffusion coefficient D, through the boundary layer of
vaporizing droplets depends mainly on pressure such as
D, = C/p, where C is constant and p is pressure.

4.1.3. Mass and energy equations. ~ We consider the
continuity and internal energy equations for the plasma gas
phase and the droplet phase. Only retaining the time variations,
these equations are written as follows [14]:

Plasma phase:
dp
£ —w, 7
5 = (N
aT  dp 14
vy g = -0vu(ah - foa). ®
Droplet phase:
0pp
P — 9
T w )]
9T,
’OPCZW = Qv — U)LV, (10)

where T and 7, are, respectively, the temperature of the plasma
phase and the droplet phase. w is the vaporization rate (droplet
mass vaporized per time and volume units) and Q,, is the power
exchanged by unit volume between the plasma phase and the
droplet phase. cp,, ¢, and L, are, respectively, the specific heats
at constant pressure of the plasma and liquid (ethanol), and the
latent heat of vaporization.

Equations (7) and (9) show the variations of mass concen-
trations of both phases due to vaporization. Equation (9) is
not useful because k = pp/p. Equation (8) corresponds to the
internal energy conservation and the second term of the left-
hand side gives the variation of internal energy of plasma gas
due to vaporization. The term p/p, is negligible with respect
to the term ¢, T.

The HW model takes into account only (9) and (10), i.e. a
single phase, and considers a uniform and steady heating gas.

The vaporization rate is written according to [19] as

w = NydpD, Sh In ( P ) , (11)
P —Pv

where Sh is the Sherwood number (S = 2 in the frame of
present assumptions), p, is the saturation vapour pressure of
liquid and is given by the Clapeyron relationship as shown
below.

Heat transfer exchanged per time and volume units, Q,,
is written as follows:

Q, = Nywdic N, (T — Ty), (12)

where « is the plasma thermal conductivity and N, the Nusselt
number (N, = 2 in the frame of present assumptions).

In the following, the droplet temperature 7, will be
neglected with respect to the plasma temperature 7 in
equation (12).

Plasma heats the droplet phase. Temperature, T, of the
latter increases, which imposes the saturation vapour pressure
pv. The vaporization rate is then driven by the difference of
the ambient pressure, p, and p.

4.14. Linearized equations and response factor. Equa-
tions (7), (8), (10)—(12) are linearized following x" = (x —
Xo)/xo, where x is p, T, Tp,, w, Q,, p and py. pp is linked to p
through k = pp/p. After the identification of the unperturbed
and first-order perturbed terms and the neglect of terms such
as x'dxg/dt, we obtain

ap’
vV L, — /7 13
ar (13)
PURLE . S R NP oY SO R
Ty— — Tg— = — w’,
ot 45t PTp L,
kX —an/ T ! 15
v =T —w, (15)
where o
T, =, (16)
Wo
Po
T4 = Ty, (17)
LV)OO
c TO
=L 18
L. (13)
C(Tpo
Ap = ——, 19
p I (19)
Ah() = Cng() - CPT(]. (20)
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Table 3. Ethanol properties after [20].

Temperature T (K)
Density (kg m~3)
Specific heat Jkg=! K1)

Latent heat of vaporization (Jkg=')

Saturation vapour pressure (bar)

300
800
2434

T T\*
L,=Dexp|—a— 1——
Te Te

D =50.43 x 10 Jkg ™))
a = —0.4475

B = 0.4989

Te = 513.9 (K)

1 =A—-
0g(pv) T+C

A =5246T71
B = 1598.673 (K)
C = —46.464 (K)

In equations (11) and (12), the following linearizations of
0, and w are used, where the unperturbed quantities follow
0. = woLy. This means that the main heat supplied to the
droplet phase is consumed for vaporization in the unperturbed
state. The choice for the Sherwood and Nusselt numbers has a
weak influence in such circumstances (see equations (11) and
(12)). The dimensionless perturbed quantities are

Q,=T, 21
w' =p +Bp, — (B+1)p, (22)

where »
= 0 (23)

Po )
Po — Pvo

In equation (22), the saturation vapour pressure depends only
upon the droplet temperature and p), can be derived as a
function of Tp/ by using the Clapeyron relationship:

(po — pvo) In (

B
T,+C’

In(py) = A - (24)

where A, B and C are constants given by [20] for ethanol
(table 3).
After linearization, we obtain

P, = pr/, (25)
where
BTy
b= ——. 26)
(Tyo + C)?

Considering complex notation (/') and assuming sinusoidal
variation for p’, T’, Tp’ and p’, equations can be combined to
obtain the complex response frequency ratio N*(w) = w'/p’.
The perturbed temperature 7’ from equation (14) is
inserted in equation (15) to obtain TP’. The latter is introduced
into equation (22) to obtain N*(w) = w'/p’ by using
equations (13), (22) and (25). We obtain, with y = jot,,

N*(y) = (f_g)m,

— 27)

whose real part corresponds to equation (6) and where

_n B+l
fy) = Tvy+ 55 Ap, (28)
k DA
g0 = XDy, 29)
Bb
_ & [ oBb A Al
A(y)—(ﬂ+l)y [y+kkp 1} ﬂby(y 1) L
(30)

Thermo-physical properties for ethanol are taken from [20]
and gathered in table 3.

4.2. Interpretation of acoustical amplification and
attenuation

Figure 9 shows the response factor N (wt,) for a mean plasma
temperature 7 = 5000 K and a mass flow rate ratio k = 0.28
as a function of dimensionless time wty.

Below wt, = 35, the response factor is positive,
which means acoustic amplification occurs, and above, sound
attenuation dominates. The sign of the response factor is
ruled by the dominant terms in equations (28) and (29). In
figure 9, we also present the positive and negative contributions
to N (wty), respectively, corresponding to f/A and g/A.

When wt, < 10, i.e. when the pressure variations are
slow compared to the characteristic time of vaporization rate,
the droplet temperature can follow changes imposed by heat
flow (equation (21)) which depends on gas temperature ruled
by equation (14). The increase in pressure above its mean value
improves heat transfers from the plasma to the droplet. This
results in an increase in droplet temperature and consequently
vapour pressure. The vaporization rate increases due to the
term In(p/(p — py)). Vaporization is therefore favoured when
the acoustic pressure is above its mean value and acoustic
amplification occurs. The term f/A shows this contribution.

When wt, > 1, the droplet temperature cannot follow
changes in heat transfers due to acoustic pressure and remains
constant. The quadratic term y? in g/A dominates at high
frequencies. Consequently, the increase in pressure above its
mean value does not favour vaporization and instead tends to

10
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Figure 9. Frequency response N of a vaporizing ethanol droplet and
its different contributions (see equations (27)—(29)); T = 5000 K,
7, =13 x 107*s, k = 0.28.
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Figure 10. Frequency response of a vaporizing ethanol droplet
following the Heidmann and Wieber model [13] and from this study
for different plasma temperatures—rt, = 1.3 x 10~*s, k = 0.28.

suppress it due to the term In(p/(p — py)). However, when
the acoustic pressure is below its mean value, vaporization is
encouraged due to the pressure difference. The net effect is
that vaporization occurs when acoustic pressure is below its
mean value. In this case, acoustic attenuation takes place.
The B-value accounts for the pressure difference between the
acoustic pressure and the vapour pressure.

Figure 10 shows the frequency response of a vaporizing
ethanol droplet phase after the Heidmann and Wieber model
and this study for 7, = 1.3 x 10~*s for different plasma
temperature values. The t, value is chosen to fit the
experimental results and this value is consistent with previous
evaluations [3]. The acoustic response in the HW model shows
amplification and attenuation of acoustic emission over a wide
frequency band. However, when considering the simplified
mass and energy equations of plasma, the positive frequency
response presents a better agreement in frequency with the
experimental results. As shown in figure 8, plasma density
and specific heat strongly vary, which produces non-monotonic
variations of amplitude in frequency response. The frequency
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Figure 11. Frequency response of a vaporizing ethanol phase in an
Ar-H; (75 mol% Ar) plasma for different values of parameter
k—t, =13 x 107*s, T = 5000 K.

position of the positive response is weakly dependent on
plasma temperature.

Figure 11 shows the dependence of frequency response
on k. The k-values are calculated as the ratio of suspension
mass flow rates (at 0.4 and 0.6 MPa, see table 2) and that
of plasma gas (table 1). The change in k only affects the
high frequency response because equation (15) shows that
the increase in k is equivalent to the increase in the mean
vaporization time t,. Consequently, the increase in k shifts
the response factor to lower frequencies and increases the term
g/ A (equation (29)). However, experimental results show that
the acoustic response seems to be independent of the change in
pressure injection, which implies an increase in the suspension
mass flow rate. This is probably because the increase in the
suspension mass flow rate improves the local plasma cooling
(see section 3.2) and modifies plasma gas density and specific
heat.

In the experimental study in figure 7, we have observed
that the transition between the amplification and the attenuation
regions is shifted to lower frequencies when using pure argon
instead of Ar—H, plasma. It is well known that thermal
transfers are much more efficient in Ar—Hj, than in pure argon.
Consequently, the characteristic time of vaporization 7, is
lower for argon than for Ar—H; and it can be expected that
the amplification and attenuation regions are shifted towards
lower frequencies when using pure argon.

5. Conclusion

SPS makes it possible to produce finely structured coatings
with intermediate thicknesses (2-50 um) for a large number
of promising potential applications. The reproducibility of the
coating properties depends to a large extent upon the control of
the suspension injection within the plasma jet and the plasma
stability. This is because the fragmentation and vaporization
processes of droplets within the plasma govern the solid
particles trajectories. Consequently, since the conventional
particle diagnostic techniques are either not suited or difficult to
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install, it is of interest to propose the on-line control techniques
to monitor the suspension injection.

In this paper, we studied the frequency acoustic response
of the suspension/plasma jet interaction. The analysis of
experimental acoustic records produced by a dc plasma torch
with and without suspension injection was performed. It was
shown that the recorded sound follows the Fitaire law, i.e.
the acoustic signal is proportional to the derivative of the arc
torch voltage at a fixed arc current. Moreover, by studying the
power spectrum of the torch voltage, it was observed that the
latter is affected by the suspension injection at the nozzle exit.
This implies that the suspension/plasma interaction produces a
mechanical perturbation which propagates upstream within the
torch. As shown in [10], since the dc plasma torch can behave
like an acoustic resonator, this mechanical perturbation can
participate in the excitation of the resonator. This is possible
because the flow is subsonic.

The study of cross-correlation functions of the torch
voltage and acoustic signals showed that the propagating time
from the plasma to the microphone is dependent upon the
suspension mass flow rate. It was interpreted in terms of
local cooling of the plasma resulting in a decrease in sound
velocity. A larger microphone frequency bandwidth should
enhance the temporal resolution of such a measurement. The
use of these propagating times could be used to control
injection since the values of these times are directly linked to
thermal transfers. The width of the density probability of the
propagation times could be helpful in monitoring the stability
of suspension/plasma interaction.

The spectral analysis of acoustic signals highlighted the
frequency domains of sound amplification and attenuation. A
simplified two-phase model of a vaporizing droplet immersed
within a plasma jet allowed us to qualitatively interpret these
phenomena which are dependent upon the dynamics of heat
transfers from the plasma to the droplets. The frequency
domains are linked to the mean vaporization time. Since the
latter depends upon the square of the droplet diameter and the
plasma properties (thermal conductivity and Nusselt number),
the spectral study of acoustic emission could be used to monitor
the stability of the fragmentation processes and also of thermal
transfers.

The proposed acoustic method (cross-correlation between
voltage and microphone or spectral study) should allow the
monitoring of any deviations from chosen optimal deposition
conditions. Indeed, this method gives an overall signature of
the interaction between plasma and liquid suspension. These
deviations could find their origins in instabilities of the liquid
jet or slow drift of energetic performances of the plasma torch
due to electrode erosion.

12

If an acoustic diagnostic technique is established from
the present results, a frequency band should be selected either
from 10 to 20 kHz (sound amplification) or from 35 to 50 kHz
(sound attenuation). Frequencies below 10kHz do not seem
to be important in the acoustic process which is a signature of
the interaction.
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