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injected materials compel the consideration of new issues. The 

 fragmentation processes of droplets, which depend on liquid 

and plasma properties, are responsible for the history of heat 

and momentum transfers of in-flight solid nanoparticles [2–5]. 

Moreover, submicron solid particles have low thermal and 

dynamic inertia so that heat and momentum transfers between 

plasma and particles are dependent to a large extent on spatial 

and temporal variations of plasma properties. Considering a 

relevant association of a plasma torch with compatible injec-

tion technology is a key point for control of coating properties.

Electric arc fluctuations in direct current (dc) plasma 

torches have been studied for a few decades, highlighting 

several modes of instabilities [6–12]. They originate in intri-

cate magneto-hydrodynamic forces applied to the electrical 

current paths of the arc column and of the arc attachment at 

the anode wall, resulting in non-uniform and time-dependent 

heating of plasma-forming gases. In particular, in plasma 

torches for coating deposition, the characteristic time of arc 

root motion is a few tens of microseconds and corresponds 

to an electrical breakdown across the cold boundary layer, 
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1. Introduction

Deposition processes of ceramic coatings with nanostructured 

architectures are intensively studied because of strong needs 

in many applications fields, such as thermal barrier coatings 

for the gas turbine industry, fuel cells, and wear-resistant or 

photocatalytic coatings. In industrial applications, such refrac-

tory materials are deposited by cost-effective plasma spraying 

techniques possessing the advantage of being able to treat 

material with high rates (>kg/h) in high enthalpy mediums 

(>10 MJ kg−1) [1]. Ceramic nanostructured coatings can now 

be achieved whether nanopowders are dispersed in suspen-

sions or liquid solution precursors are injected into thermal 

plasmas, respectively, corresponding to suspension plasma 

spraying and solution precursor plasma spraying. These 

emerging processes must be distinguished from the conven-

tional plasma spraying technology because the use of the liquid 

phase as a carrier medium for solid material and the size of 
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giving rise to a new arc attachment upstream that reduces 

the arc voltage (restrike mode). This breakdown appears for 

low electric field values (~104 V m−1) [12] because it is gov-

erned by a fast-developing overheating instability initiated by 

residual electrical conductivity around the arc column [13]. 

Larger instability time scales have also been observed (a few 

hundreds of microseconds) and are attributed to Helmholtz 

and acoustic oscillations [10, 14].

These arc instabilities obviously generate inhomogeneous 

and time-dependent plasma properties in arc jets that affect 

plasma transfers to materials. Important efforts are then 

devoted to improve the stability of torches either by means of 

acoustic effects in conventional torches (i.e. one cathode, one 

anode) [15] or by using complex multi-electrode torches [16]. 

In such systems, the amplitude of arc motion is reduced so that 

the arc voltage becomes only slightly time-dependent. In this 

chapter, an alternative approach using a strong fluctuating arc 

jet that can oscillate in a controlled manner is proposed [17]. 

It results in a successive emission of high and low plasma 

enthalpy regions at the nozzle exit. Because the vaporization 

time of droplets is inversely proportional to plasma enthalpy, 

the use of a pulsed injection system should permit control 

of plasma transfers by adjusting the injection timing that is 

characterized by a time delay, τ, in the following.

The purpose of this chapter is to show that the specific 

enthalpy is substantially modulated in a dc pulsed arc jet and 

to highlight the dynamics of arc voltage and enthalpy.

The next section presents the experimental set-up and pro-

cedures. Section 3 shows measurements of rotational tempera-

tures obtained by time-resolved optical emission spectroscopy. 

The experimental results obtained are interpreted in the frame 

of local thermodynamic equilibrium, which is a classical 

assumption for plasma generated by electric arcs under atmos-

pheric pressure [18]. A single temperature allows determining 

thermodynamic state functions and plasma chemical compo-

sition can be computed as a function of temperature and pres-

sure by minimizing the Gibbs free energy.

Section 4 discusses the significance of measured tempera-

tures to deduce the corresponding enthalpies. An analytical 

model associated with experimental measurements permits 

determination of the time-dependence relationship between 

arc voltage and enthalpy. Finally, the conclusion and perspec-

tives are given.

2. Experimental descriptions and procedures

2.1. Self-sustained pulsed mode

Previous studies have shown that an arc confined within a 

plasma torch can oscillate following a self-sustained pulsed 

mode [12, 17]. It results from the resonant coupling of two 

modes of arc voltage fluctuations, namely the Helmholtz and 

restrike modes. The former mode is attributed to a reciprocal 

dependence of arc voltage and pressure inside the cathode 

cavity that contains the cold plasma-forming gas. When arc 

voltage varies due to plasma flow, pressure also changes what 

affects the mass flow rate, and in turn it modifies the plasma 

flow. The latter mode corresponds to an upstream re-arcing 

process that interrupts the arc elongation, i.e. the arc voltage, 

and causes a sudden voltage decrease. The voltage signal has 

a typical saw-tooth shape waveform of the restrike mode but it 

is driven by the Helmholtz resonance.

A homemade plasma torch operating at atmospheric pres-

sure in ambient air is power-supplied by a current-regulated 

source. The arc burns between the thoriated tungsten cathode 

tip and a copper nozzle as seen in figure 1. Both electrodes 

are water-cooled by means of a single cooling water cir-

cuit. Upstream the gas feeding line, the mean gas flow rate 

is maintained constant during experiments and is controlled 

by a mass flowmeter permitting delivery of the nitrogen gas 

through the cathode cavity with flow rates ranging between 

2 and 4 standard litres per minute (slm). The internal diam-

eter of the nozzle channel, D, can be changed between 3 and 

4 mm. The arc current I, the mean arc voltage V , and the heat 

losses to the electrodes Qloss are measured over a period of a 

few minutes. The values are used to determine the effective 

specific enthalpy, hL, available at the exit of the nozzle, L in 

length, such as = ( − )h VI Q q/L loss m
 where q

m
 is the gas mass 

flow rate. hL represents a quantity that is averaged in time and 

also in the cross-section of the plasma jet at the torch exit. 

The heat losses to electrodes are evaluated by means of calo-

rimetric measurements of torch cooling water.

Figure 1. Simplified scheme of dc plasma torch.
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This set of measurements is also used to check the repro-

ducibility of results. The instantaneous arc voltage, V(t) where 

t is time, is measured by using a data acquisition computer card 

piloted by Labview software at a sampling rate of 320 kS s−1 

during 0.2 s, giving a maximum frequency of 160 kHz and a 

frequency resolution of 5 Hz in calculated power spectra.

Figures 2(a) and (b) depict the voltage signal obtained 

with a pure nitrogen arc jet plasma (arc current I = 15 A, 

nitrogen flow rate 2.1 slm or 4.5 10−5 kg s−1). The mean arc 

voltage is =V 73.7 V  and the mean specific enthalpy hL = 

13.4   ±   1 MJ kg−1. During the lengthening phase of the arc, 

the voltage increases from its minimum value, i.e. from 40 V 

up to 110 V. Then, because of the rearcing process, the voltage 

decreases to 40 V within less than 30 µs. It has been observed 

that the pulsed mode is quite stable over a few tens of minutes.

Figure 3(a) shows the probability density of the voltage 

minima and amplitudes of signal in figure 2(a). It corresponds 

to results obtained with 285 samples, i.e. from a voltage 

signal sampled during 0.2 s. The mean minimum voltage 

is =V 40.96 Vmin  corresponding to a standard deviation of 

1.05 V, and the mean amplitude is =A 67.69 V corresponding 

to a standard deviation of 2.10 V. Due to the triangular shape 

of the periodic voltage, the values of V  and of +V A/2 min  are 

comparable even though they are measured independently 

and over different time scales. Finally, figure 3(b) displays the 

power spectrum of arc voltage in figure 2(a) and exhibits a 

strong fundamental frequency at approximately 1410 Hz and 

its higher frequencies harmonics.

2.2. Time-resolved diagnostics

Figure 4 presents the experimental set-up consisting of a dc 

plasma torch, a fast-shutter camera, a spectrometer, and a 

synchronization unit. Time-resolved imaging of plasma jet is 

performed by means of a fast-shutter camera (PCO, Kelheim, 

Germany) with high resolution (1392   ×   1040 pixels) and that 

can be externally triggered.

Figure 2. (a) Arc voltage signal of pulsed mode and (b) zoom of figure (a). A rectangular trigger signal in grey is added. The pulses are 
delayed by τ after voltage falling front and are used for triggering time-resolved diagnostics or injection of materials into the arc jet. 
Experimental parameters: I = 15 A, qm = 4.510–5 kg s−1, and D = 4 mm.

Figure 3. (a) Probability density of voltage minima (mean minimum voltage =V 40.96 Vmin ) and amplitudes (mean amplitude 
=A 67.69 V) in the signal of figure 1(a). (b) Power spectrum of arc voltage of figure 1(a).
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Optical emission spectroscopy (OES) is performed by using 

the IsoPlane spectrograph (Princeton Instruments, Trenton, 

NJ, USA). The focal length is 320 mm and the focal plane 

size is 27 mm wide  ×  14 mm high. The arrangement of optical 

components reduces optical aberrations that ensure a constant 

spectral resolution at each point of the focal plane. The spectro-

graph is equipped with a triple grating turret (68 mm  ×  68 mm 

grating size). It is associated with an Intensified CCD camera 

(PIMAX4 1024i, Princeton Instruments, Trenton, NJ, USA) 

with high resolution (1024   ×   1024 pixels, 12.6 µm pixel size) 

including a fast gate intensifier (down to 3 ns). A UV objec-

tive (105 mm focal length, f/4 aperture ratio) is mounted on 

the spectrograph to image the plasma, providing  −0.3 magni-

fication. Lightfield software (64 bits, Princeton Instruments, 

Trenton, NJ, USA) is used to control spectroscopic devices 

and to record the spectra.

The spectrometer is calibrated by means of a tungsten 

ribbon lamp used as a standard source that is power-sup-

plied by a current-regulated source. A pyrometer is used to 

measure the tungsten ribbon temperature at a given lamp 

current. The spectral radiance of the tungsten ribbon lamp 

is calculated for a given temperature by using Planck’s law 

and the spectral emissivity of tungsten given by De Vos [19]. 

The spectrometer response to the tungsten ribbon lamp is 

known for a given set of spectrometer parameters that ena-

bles deducing the spectral radiance of the plasma. The linear 

response of the ICCD detector to spectrometer parameters 

has been checked.

The falling fronts of the voltage signal represent rather accu-

rate events that are used to define rectangular pulses (figure 

2(b)), delayed by an adjustable amount of time, τ, and ranging 

between 0 and 800 µs. Because of a synchronization device, 

these pulses are used to trigger both the fast-shutter PCO 

camera and the ICCD detector, so that the plasma pictures and 

the spectrum are simultaneously recorded for a given instan-

taneous voltage (for example: τ = 300 µs, 70 V in figure 2(b)). 

The exposure time of the camera is τexp = 30 µs and the rate is 

limited to 12 frames per second. For the ICCD, the exposure 

time, τgate, is between 15 and 30 µs for each received trigger. It 

is possible to accumulate Nacc signals at a rate corresponding 

to the pulsed mode frequency that is 1410 Hz, so that the total 

exposure time is Nacc.τgate. The number Nacc is between 10 and 

500, depending on operating conditions.

Figure 5 displays time-resolved imaging of the pulsed 

arc jet triggered for three different delays: τ = 140, 220, and 

340 µs. Due to the time aperture of 30 µs, the torch voltage 

corresponds to the intervals 54–57 V, 62–65 V, and 74–77 V 

for figures 5(a)–(c), respectively. These pictures are taken for 

the same experimental conditions as those of figure 2, and the 

operating parameters for the image captures are the same for 

the three figures. For higher voltages, this requires the use of a 

neutral filter so that the pictures are not easily comparable and 

are not shown here. Both specific enthalpy and emission of 

radiation are monotonous increasing functions of temperature 

so that the effective emission coefficient of the plasma is an 

increasing function of specific enthalpy [18]. In figure 5(a) the 

high enthalpy region can be seen at approximately 8 mm from 

the nozzle exit, which corresponds to the convection of high 

plasma energy density, generated in the preceding period. In 

Figure 4. Experimental set-up.

Figure 5. Pictures of the N2 arc jet working in pulsed mode. The 
PCO camera is triggered after different time delays and the time 
aperture is 30 µs. (a) τ = 140 µs. (b) 220 µs. (c) 340 µs. During the 
time aperture, the torch voltage increases by 3 V.
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figure 5(b), this hot plasma region is recombining due to the 

surrounding air cooling whereas a new arc jet is being formed 

at the nozzle exit. In figure 5(c), close to the nozzle exit, the 

new arc jet has increased energy density while the preceding 

plasma region has almost extinguished.

These pictures demonstrate qualitatively that the plasma 

flow properties are time-modulated and space-modulated. 

Going further in the diagnostic requires quantitative meas-

urement that can be provided by emission spectroscopy tech-

niques. Because of the use of nitrogen as the plasma gas, the 

analysis of molecular bands is chosen to determine the rota-

tional temperature as a function of the instantaneous voltage 

and as a function of the distance from the nozzle exit.

3. Time-resolved measurements of rotational

temperature

3.1. Identification of emitting molecular systems

The objective of this section  is to describe the emitting 

diatomic molecular systems to isolate the relevant parts of the 

spectrum used in molecular simulation for rotational tempera-

ture measurement. The spectra are recorded between 300 nm 

and 480 nm at low spectral resolution (Δλ = 2.946 nm) with an 

exposure time of the ICCD detector of approximately 7 ms, 

i.e. approximately 10 periods of arc voltage signal (figure 2).

For that part, the synchronization device is not used.

Figures 6(a) and (b) depict typical molecular spectra 

recorded at d = 1 mm and d = 6 mm, respectively, from the 

nozzle of the plasma torch.

Following the notations used in spectroscopy, the total 

energy of a diatomic molecule, T in cm−1, is given by:

= + ( ) + ( )T T G v F Je v (1)

where Te is the electronic spectral term, G(v) is the vibrational 

spectral term, v is the vibrational quantum number, Fv (J) is the 

rotational spectral term, and J is the rotational quantum number.

The vibrational term is given by:

⎜ ⎟ ⎜ ⎟ ⎜ ⎟
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e e
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where ωe, ω xe e, and ω ye e
 are spectroscopic constants for a 

given electronic state [20].

As expected, the emission of the first negative system of 

the molecular ion +
N2 , +

N2(1−), is mainly observed. It corre-

sponds to the transition between the ∑+
B   
2

u
 state at 18.7 eV 

and the ∑+
X  2

g
 state at 15.6 eV [21–23]. This transition 

between both ∑+2  states (Λ = 0) corresponds to a pure case 

b of Hund. Only transitions Δ = −K 1 and Δ =K 1 are allowed, 

where K is the rotational quantum number, resulting in only P 

and R branches in the spectrum. Each rotational state is spin-

doubled such as = +J K 1/2 and = −J K 1/2 due to spin mul-

tiplicity (2S + 1 = 2).

Spectroscopic data together with equations  (1) and (2) 

allow identification of the different vibrational sequences 

( ″Δ = −′v v v ) of +
N2(1−), which are indexed in figure  6(a). 

The single prime corresponds to an upper vibrational level and 

the double prime corresponds to a lower level. The main head 

Figure 6. Time-averaged spectra of pulsed arc jet recorded for two distances from the nozzle exit: (a) d = 1 mm and (b) d = 6 mm. Exposure 
time 7 ms corresponding to 10 periods in figure 2.
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bands of different vibrational bands (v′,v″) are also reported in 

figure 6(a). We observe the Δ = − −v 2,   1,  0 ,  1 , and 2 vibra-

tional sequences of +
N2(1−). The most prominent vibrational 

sequence corresponds to Δ =v 0, with the head bands (0,0) 

and (1,1), respectively, at 391.4 nm and 388.4 nm.

The second positive system of the molecule N2, N2(2+), 

is also observed. This system corresponds to the transi-

tion between the state Π
+

C
3

u at 11.1 eV and the state Π
+

B
3

g  

at 7.39 eV. The rotational structure is by far more compli-

cated than +
N2(1−) because the coupling follows Hund’s case 

a for low J rotational numbers (J  <  15) and Hund’s case b 

for higher values. According to the measured spectrum in 

figure  6(a), Δ = Δ =v v0  and   1 vibrational sequences are 

mainly observed in the spectrum.

Very close to the nozzle exit, the emitting systems cor-

respond to species coming from the plasma-forming gas, 

i.e. N2, 
+

N2, but also atomic nitrogen NI (triplet between 742 

and 747 nm, not shown in figure  6(a)). However, as shown 

in figure  6(b), the emitted radiation is evidently related to 

the distance from the nozzle exit because of plasma mixing 

with the ambient atmosphere. Figure 6(b) depicts a measured 

spectrum obtained in the same conditions as that of figure 6(a) 

but recorded at 6 mm from the nozzle exit. It can be mainly 

seen that the Δ =v 0 vibrational sequence of +
N2(1−) system 

is altered. The CN violet system, due to the formation of CN 

molecule coming from the carbon dioxide in air, is similar 

to that of +
N2(1−) and corresponds to transition between the 

∑+
B   

2  state at 3.32 eV to the ground state ∑+
X

2 . It also 

follows the coupling of Hund’s case b. The ( − )0 0  head band is 

approximately 388.3 nm and overlaps the ( − )1 1  head band of 

the first negative system of +
N2 [20]. Moreover, it can be noted 

that the Δ = −v 2 sequence of the second positive system of N2 

also overlaps +
N2(1−) at approximately 380 nm. Finally, atomic 

copper lines of Cu I corresponding to 306.341, 324.754, and 

327.396 nm are observed and are obviously due to anode ero-

sion because of the arc attachment at the anode wall.

Preliminary tests have shown that choosing the N2(2+) 

instead of the +
N2(1−) system gives rise to an increase of 

uncertainty, however, with compatible values of rotational 

temperature. This poor precision is due to the overlapping of 

bands at high temperature.

For accuracy reasons, in the following the rotational temper-

ature is measured from the Δ =v 0 vibrational sequence of the 
+

N2(1−) system, i.e. between 363 and 392 nm. Spectra are meas-

ured at different distances from the nozzle exit and for different 

time delays τ or related trigger voltages. For high trigger volt-

ages, the overlapping of the Δ = −v 2 sequence of the second 

positive system of N2 is weak at weak distances from the nozzle 

exit (⩽6 mm) and is neglected for temperature measurements. 

For the same reason, the overlapping of the CN violet system 

with the (1,1) band of +
N2(1−) can also be neglected.

3.2. Principle of measurements of rotational temperature

The radiative intensity is recorded following side-on obser-

vation, that is to say, the emission coefficient, ελ(x, y), is 

integrated along the line of sight (x direction) for each wave-

length. In addition, the binning procedure is used, i.e. it con-

sists of summing the recorded values in the height direction 

(y) so that the cross-section of the plasma jet located at dis-

tance z from the nozzle exit is assimilated to a point source.

No Abel’s inversion is performed and no information is avail-

able concerning the local values of the emission coefficient.

Rotational temperatures are measured by means of spectral 

simulation of the +
N2(1−) system using Specair software [24] 

between 363 and 392 nm at low spectral resolution. Specair is a 

commercial software used to simulate radiative molecular and 

atomic transitions in air plasma, including N2(2+), +
N2(1−), 

and CN violet systems. Specair assumes a Boltzmann distribu-

tion of rotational states at the rotational temperature Trot, which 

is supposed to be close to the gas temperature in our experi-

mental conditions [25]. It permits simulation of the absolute 

intensities of radiative transitions for a given slit function and 

allows spectral fit of the experimental spectra to be obtained.

The Specair spectral simulation and the spectral fit proce-

dure to obtain the optimized rotational temperature require 

subtracting background radiation before calibration. Finally, 

the slit function data are input in Specair and are determined 

by the use of a mercury standard lamp.

Figure 7 depicts an experimental spectrum of +
N2(1−)(Δv = 

0 sequence), obtained for a trigger voltage of 105 V at d = 1 mm 

from the nozzle exit and its numerical simulation that is fitted 

to experimental values. Let σ be the root-mean square between 

the experimental spectral profile and the theoretical profile 

simulated for a given rotational temperature T. The function 

σ(T) presents a more or less sharp minimum so that for the 

best fit, σ = σmin and T = Trot. In the minimum vicinity, σ can be 

expanded following σ σ= + ( − )T Tamin
1
2 rot

2, where a is the 

curvature of the σ(T) function that is discretely evaluated with 

a set of guessed T values. Thus, the uncertainty δT is defined 

so that σ(Trot  ±  δT) = 2σmin that yields δ =
σT a
2 min . For a per-

fect fit, σmin = 0 and δT = 0 and for σmin ≠ 0, δT decreases if the 

curvature is more pronounced.

In the following, the residuals of rotation temperature 

measurements obtained with Boltzmann distributions are 

Figure 7. Experimental normalized spectral of +
N2(1−) system and 

its numerical fit obtained by Specair (Trot: rotational temperature, 

σmin: residual).
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less than 10−2. By using the synchronization procedure and 

provided the resonant mode of the torch is locked, the spec-

trometer measurements give very reproducible measurements. 

A sensitivity analysis, which depends on input parameters as 

the slit function or a wavelength adjustment, shows a rota-

tional temperature uncertainty δT less than 150 K in the case 

of figure  7. This low value of δT also indicates that Trot is 

measured in a region where the temperature profile presents 

a rather flat maximum.

3.3. Influence of distances from the nozzle exit and trigger 

voltages on rotational temperatures

Figure 8(a) portrays the absolute intensities of +
N2(1−) spectra 

measured between 1 and 10 mm from the nozzle exit gated at 

maximum voltage (τ = 700 µs  −110 V; figure  2). Rotational 

temperatures obtained from the best-fit Specair spectra are 

also indicated. This trigger voltage corresponds to the case 

where the arc length is a maximum, i.e. the highest specific 

enthalpy. The emitting plasma volume is the largest so that 

the number of emitting molecular ions is also a maximum. 

At 1 mm from the nozzle exit, the intensity is highest as is the 

rotational temperature, specifically 7820 K.

When the distance from the nozzle exit increases, the intensi-

ties decrease because of plasma cooling. Rotational temperatures 

decrease to 6940 K at 6 mm from the nozzle exit. At distances 

higher than 6 mm, the fitting procedure gives rise to unreliable 

rotational temperatures with residual higher than 10–2.

Figure 8(b) shows the absolute intensities of +
N2(1−) spectra 

measured between d = 1 and 10 mm from the nozzle exit gated 

at a trigger voltage of 54 V (figure 5(a)). It is interesting to note 

that the absolute intensities of spectra are weak between 0 and 

4 mm, but they start increasing at higher distances between 6 

and 10 mm, and then decrease again at 12 mm as suggested in 

figure 5(a). Actually, the spectra are much more complicated 

than those obtained at 110 V because they include the overlap-

ping of +
N2(1−), N2(2+) and CN violet systems.

The CN violet system gives the most prominent contribu-

tion at approximately 388 nm because of carbon dioxide con-

tained in air that reacts with the nitrogen plasma. However, 

note that at only 1 mm from the nozzle exit, the spectra is 

dominated by the +
N2(1−) system. Rotational temperatures are 

not measured due to high residuals when fitting.

Consequently, the influence of trigger voltages on rota-

tional temperatures can be determined with reliability for 

relatively high trigger voltages and close to the nozzle exit.

Figure 8. Measured emission spectra of pulsed N2 arc jet for different distances d from nozzle exit and for two trigger voltages (a)  
τ = 700 µs and 110 V (rotational temperatures deduced from the best-fit Specair spectra are indicated) and (b) 140 µs and 54 V (figure 2).
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Figure 9 depicts the absolute intensity of the +
N2(1−) 

spectra measured at 1 mm from the nozzle exit for different 

trigger voltages, namely 105, 85, 75, and 62 V.

Reliable rotational temperatures were not obtained for 

voltages lower than 62 V. In this range of trigger voltage, 

the rotational temperatures vary between 6280   ±   250 K and 

7540   ±   150 K.

In the next section, a discussion is provided about the rela-

tionships between the measured temperatures and the enthalpy 

available in the plasma jet for material processing.

4. Discussion

4.1. Temperature measurements

One of main issue of this chapter is determining whether 

the modulation of specific enthalpy in such pulsed plasma 

is of interest for material processing. First, it is important 

to evaluate the amplitude of modulation thanks to previous 

spectroscopic measurements. Second, the dynamic relation-

ship between the arc voltage and the specific enthalpy must 

be discussed because the time delay τ is the key experimental 

parameter used to trigger the material injection within plasma 

for ceramic deposition [12, 17].

Figure 10 is the specific enthalpy of N2 plasma calculated 

between 2000 and 12 000 K at atmospheric pressure under the 

local thermodynamic equilibrium assumption [26].

The steep slope between 6000 and 8000 K mainly corre-

sponds to the dissociation of nitrogen molecules. In this tem-

perature range, the N atoms concentration varies between from 

2.5 1023 and 8.1 1023 m−3. This also means that the increase of 

thermal energy is accompanied by important chemical energy 

storage.

The dashed lines represent the range of temperature meas-

urements obtained in OES experiments, namely between 

6280 K and 7820 K.

Figure 10 shows that the specific enthalpy should be mod-

ulated between 14.35 and 38.20 MJ kg−1, i.e. a modulation 

ratio of 2.66. However, note that the mean specific enthalpy 

hL determined in section  2.1 by measuring the electrode 

heat losses Qloss and the mean arc voltage ( =V 73.7 V ), hL 

= 13.4 MJ kg−1 is smaller than 14.35 MJ kg−1, which was 

obtained when triggering at 62 V. This difference cannot 

only be attributed to measurement precision, although in this 

temperature range only 100 K variation entails more than a 

1 MJ kg−1 change in enthalpy. Measurements of plasma tem-

perature result from measurements integrated along the line of 

sight and from the binning process of the height of plasma jet. 

They are not strictly speaking about mean temperatures, but 

they encompass the contributions of the plasma regions with 

different temperatures. As mentioned, the Abel’s inversion 

was not performed. This is a deliberate choice, because this 

requires several hundreds of inversions for a single spectrum 

that provokes noise amplification and significantly increases 

the residual obtained at the end of the fitting procedure. The 

measured temperature, Trot, is a weighted mean value of the 

temperatures related to the most luminous regions that are 

observed [27]. To improve the precision and also the inter-

pretation of these measurements, the relationship between the 

measured temperature and the specific enthalpy, averaged in 

an arc jet cross-section, is investigated as follows. At time t, it 

is assumed that, at the nozzle exit, the specific enthalpy profile 

h(r) is parabolic, because of the laminar feature of the plasma 

flow as shown [12, 17]:

⎜ ⎟

⎛

⎝
⎜

⎛

⎝

⎞

⎠

⎞

⎠
⎟( ) = + ( − ) −h r h h h

r

D
2 1

2
w L w

2

 (3)

where hw and hL, respectively, are the enthalpy at the anode 

wall and the enthalpy averaged over the arc jet cross-section, 

i.e. ∫= ( )h rh r r2 d
R

R

L

1

0
2

 with =R D/2. hL is time-dependent, 

with a mean value referred to as hL. For a wall temperature 

of approximately 500 K, hw  ∼  0.2 MJ kg−1 so that ≪h hw L.

Following thermodynamic data, such as those of figure 10, 

a temperature profile, T(r), is determined that shows a rather 

flat maximum due to the steep slope of the h(T) function 

between 6000 and 9000 K. Then, the emission coefficient 

Figure 9. Measured emission spectra of pulsed N2 arc jet at d = 
1 mm from nozzle exit for different instantaneous voltages (105 V, 
85 V, 75 V, and 62 V, ±  1.5 V). The rotational temperatures are 
deduced from the best-fit Specair spectra.

Figure 10. Specific enthalpy of N2 plasma at local thermodynamic 
equilibrium and atmospheric pressure. Dashed lines show the range 
of temperatures measured by OES.
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ε +
N2

 of the +
N2(1−) Δv = 0 sequence is computed as a func-

tion of T(r), assuming local thermodynamic equilibrium. 

The emission coefficient increases monotonously almost 

by three decades when temperature varies from 5000 to 

9000 K. This last temperature appears to be a maximum in 

the present experimental conditions because it corresponds 

to a specific enthalpy of 48 MJ kg−1 (figure 10), which 

cannot be reached.

The weighted mean value of the plasma temperature at the 

nozzle exit is then calculated as a function of hL, following:

∫
∫

ε

ε

( ) =
( ) ( )

( )

+

+

T h

r T r r r

r r r

d

d

N

N

L

2

2

 (4)

where the integration is performed over the entire cross-sec-

tion of the jet.

If the integration is only performed along the line of sight 

crossing the jet axis at y = 0, then the weighted temperature 

=
Ty 0 is obtained as a function of hL. Because the emission 

coefficient presents a sharp maximum at the jet axis, 
=

Ty 0 is 

only slightly lower than the maximum temperature, Tmax, and 

( )T hL   <  ( )=T hy 0 L   <  Tmax.

Figure 11 shows the dependence of ( )T hL  and ( )=T hy 0 L  

on the space-averaged specific enthalpy. The temperature 

T(hL), defined as the reciprocal function of that plotted in 

figure 10, has been added. The significant difference that can 

be observed in figure 11 between ( )T hL  and T(hL) is due to the 

fact that these temperatures are averaged over a cross-section 

with non-linear and very different weight functions, namely 

ε ( )+ T
N2

 and h(T), respectively.

It is then assumed that Trot is corresponding to a ( )T hL  

value within the interval  ±  δT. The ( )T hL  curve in figure 11 

is used to convert the measured temperatures reported in 

figure 9 into specific enthalpies. At the nozzle exit, the reli-

able temperatures range between 6280   ±   250 K (figure 9) 

and 7820  ±  150 K (figure 8(a)) corresponding to the respec-

tive voltages 62 and 110 V, to hL
min = 9.5   ±   1.5 MJ kg−1, and

to hL
max = 25.5   ±   1.5 MJ kg−1 instead of 14.35 and 38.20

obtained previously. In addition, the time and space-averaged 

value measured calorimetrically, hL = 13.4 MJ kg−1, is now 

lying between hL
min and hL

max. Note that the modulation ratio

of enthalpy remains close to the previous one, i.e. 2.68.

In previous work [12, 17], it was assumed that the heat 

losses are constant so that an equivalent constant voltage can 

be defined as Vloss = Qloss/I with a measured value Vloss = 36 V. 

If the relationship = ( − )h VI Q q/L loss m
 that holds for the sta-

tionary state is still valid when considering the fluctuations, 

then ( ) = ( ( ) − )h t V t V I q/L loss m
 yields, for 40  <  V(t)  <  110 V 

(figure 2), 1.5  <  hL(t)  <  26 MJ kg−1. This range corresponds

to a theoretical modulation ratio of 17 instead of 2.66 as found 

previously. If the 26 MJ kg−1 value is close to hL
max that was

deduced from the OES results (figure 11), then hL
min is much

higher than 1.5 MJ kg−1, which also gives an overestimation 

of the modulation ratio. One possibility to explain this non-

agreement is that OES cannot measure the temperature below 

a certain threshold as suggested above when the voltage is 

lower than 62 V. Another explanation, which does not exclude 

the previous one, is that the stationary heat balance cannot 

be transposed to the fluctuating behaviour of the arc jet. The 

following section is devoted to a more accurate insight of the 

transient phenomena involved in the energy balance of the 

plasma torch.

4.2. Evaluation of electrode heat losses at steady state

In the previous analysis, the heat losses are supposedly 

independent of the specific enthalpy, even though the 

plasma is contained in the water-cooled nozzle. Due to the 

single cooling circuit, the heat losses to electrodes include 

the anode and cathode contributions. Because the cathode 

is cooled by electron extraction and radiation, cathode heat 

losses only represent between 5 and 10% of measured total 

losses. The heat losses are decomposed into Qelec, including 

cathode and anode phenomena (particularly voltage falls, 

work functions of materials) Qc and Qr for heat transfer to 

Figure 11. Dependence on specific enthalpy of the weighted temperatures ( )T hL  and 
=

Ty 0. The T(hL) curve, which is the reciprocal of that 

of figure 10, is plotted for comparison.

min
Lh Lh

max
Lh

( )LhT ( )L0y hT =

( )LhT
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the anode wall by convection and radiation, respectively. 

Thus,

= + +Q Q Q Qloss elec c r (5)

The radiative losses Qr can be estimated by using the effec-

tive volumetric emission coefficient of a nitrogen plasma 

taking into account self-absorption [18]. If a nitrogen plasma 

at 104 K uniformly fills the entire volume of the nozzle channel 

(1.6   ×   10−7 m3), then approximately 40 W escape by radiation 

to the anode wall.

The order of magnitude of the conductive heat flux 

to the wall, Qc, is estimated by using the heat potential 

∫φ( ) = ( )′ ′T K T Td  where K is the thermal conductivity of

nitrogen plasma that takes into account the translational and 

reactive thermal conductivities [18, 26]. φ presents a smooth 

evolution with the specific enthalpy, h, and can be accurately 

evaluated following φ( ) = + +h ah bh c
2 , where a, b, and c 

are known constants [28]. By doing so, it is possible to take 

into account the dissociation–recombination process that 

makes nitrogen very efficient for heat transfer. Qualitatively, 

the energy that is absorbed in one place for dissociation is 

released in another place with molecular recombination, effi-

ciently participating in heat conduction.

Neglecting the axial development of the arc jet, the heat 

flux to the nozzle wall is obtained by:

⎜ ⎟⎜ ⎟
⎡

⎣
⎢
⎛

⎝

⎞

⎠

⎛

⎝

⎞

⎠

⎤

⎦
⎥π

φ
= −Q DL

h

h

r

d

d

d

d
c

D/2

 (6)

using equation (3) and using hL = hL for the steady state yields:

π= ( + ) ( − )Q ah b L h h8 2c w L w (7)

Because hw  ≪ hL (hw ~ 0.2 MJ kg−1 for a wall temperature

of approximately 500 K), equation (7) is simplified:

α≈Q Lhc c L (8)

where α π= ( + ) = × − − −
ah b8 2 1.88   10 kgm sc w

3 1 1.

The evaluation of convective losses Qc for L = 13 mm and 

time and space averaged specific enthalpy =h 13.4 MJ kgL
-1 

yields approximately 330 W. Consequently, the radiative heat 

losses Qr are much smaller than convective heat losses Qc, so 

that the linear relationship between heat losses and enthalpy 

is considered as valid in the following. However, the propor-

tionality constant between the heat losses and enthalpy is 

experimentally determined and is noted αcr because it takes 

implicitly into account both radiation and thermal conduction.

Introducing =V Q I/elec elec , which is supposed to be con-

stant, the stationary heat balance of the torch is rewritten as

α− = +V
q h

I
V

Lh

I

m L

elec cr

L (9)

where the quantities * = −V V
q h

I

m L

and * =X
Lh

I

L  can be 

measured so that equation  (9) becomes α* = + *V V Xelec cr

and can be tested experimentally by changing the channel 

length, L, and performing calorimetric investigations as men-

tioned above. Figure 12 shows the dependence of *V  on *X  for 

different sets of experimental parameters. The linear depen-

dence is satisfactorily highlighted and the slope yields αcr = 

1.01   ±   0.3 10–3 kg m−1 s−1, which remains smaller than the 

theoretical value of 1.88 10−3 kg m−1 s−1. The latter is overes-

timated because it does not take into account the axial devel-

opment of the arc into the nozzle channel. The voltage decline 

due to electrode phenomena is Velec = 17.4   ±   4.0 V.

4.3. Heat transfers in transient regime

In the following, a simplified approach of heat transfer mecha-

nisms in transient regime is developed to estimate the influ-

ence of arc voltage fluctuations on enthalpy variations. The 

mechanisms responsible for heat losses due to electrode phe-

nomena (i.e. Velec) are assumed to be decoupled from those 

responsible for convection and radiative heat transfers. The 

experimental values of αcr = 1.01   ×   10−3 kg m−1 s−1 and Velec

= 17.4 V are used in the transient regime.

Figure 13 represents the basic scheme of such a simplified 

approach where the processes responsible for Qelec and (Qc + 

Qr) are decoupled.

The specific enthalpy, h0, that should be available in the 

absence of conductive and radiative heat transfer to the nozzle 

wall, is given by:

= ( − )q h V V I 
m 0 elec (10)

Figure 12. Heat balance expressed in terms of *V  on *X  for 
different sets of experimental parameters (see equation (9)).

Figure 13. Scheme of the simplified analytic model of heat transfer 
inside the anode nozzle in transient regime. qm is the mass flow rate, 
V is the torch voltage, and I is the electric current.
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By using quantities averaged over the channel cross-sec-

tion, S = πD2/4, the 1D energy conservation equation in a fluid 

and applied to the plasma in the nozzle is written as:

ρ ρ
∂

∂
+

∂

∂
= −

h

t
u
h

z
p
th

(11)

z is the axial coordinate, with 0  <  z  <  L, ρ and u are, respec-

tively, the mass density and plasma velocity, and p
th

 is the 

power per unit volume lost by heat transfer to the anode, so 

that α=p SL Lh
th cr L. The input enthalpy h(z = 0) = h0 is given 

by equation (10).

The variables in equations (10) and (11) comprise a time-

averaged component (bar notation) and a fluctuating compo-

nent (prime notation), so that: = + ′h h hL L , = + ′h h h0 0 0, and 

= + ′V V v . The mass flow rate, qm = ρuS, is supposed to be 

constant and the fluctuant component of specific enthalpy is 

supposed to be independent of z. Following these simplifica-

tions, equation (11) is linearized, integrated over z from 0 to 

L, and time-averaged variables are separated from fluctuant 

ones. Then:

α

=
( − )

+
h

V V

q L
IL

elec

m cr

 (12)

ρ α+ ( − ) = −
′

′ ′ ′LS
h

t
q h h Lh

d

d
m 0 cr (13)

Note that in equation (12) the heat loss term, αcrL, is equiv-

alent to a mass flow rate that reduces the available specific 

enthalpy at the torch exit. Taking into account that ′= ′q h v I
m 0 , 

equation (13) can be rewritten as follows by using (10):

τ α τ

+ =
( + )

′ ′ ′h

t

h I

q L

vd

d 0 m cr 0

 (14)

where τ0 is a characteristic time checking = +
τ τ τ

1 1 1

0 res tr

. The 

residence time τres and the characteristic time of heat transfer  

τtr are given by:

τ τ

α

= = =

L

u

m

q

m

L
andres

p

m

tr
p

cr
 (15)

where the mass of plasma contained in the nozzle channel is 

mp = ρSL. ρ is evaluated as a function of hL following thermo-

dynamic data. This yields mp = 7.6 10−9 kg.

Equation (14) shows that the fluctuant components of 

enthalpy and arc voltage obey a first-order ordinary differ-

ential equation in which the residence time of the plasma in 

the nozzle together with heat transfer play an important role 

through the characteristic time τ0.

For experimental conditions described in section 2.1, it is 

found that τ = µ   170  sres , τ = µ   588 str , and τ = µ132 s0 .

The problem is solved by using a Fourier’s series expan-

sion and the solution hL(t) is given in the appendix.

Figure 14 depicts the time-dependence of space-aver-

aged specific enthalpy at the nozzle exit, hL(t). An equiv-

alent voltage, Vloss = Qloss/I, is reported in figure  14 as 

α( ) = + ( )V t V Lh t I/loss elec cr L  and can be directly compared to 

the torch voltage V(t). It must be underlined that Qloss cannot 

be assessed by time-resolved measurements because of the 

thermal inertia of cooling circuits. The mean values of Vloss 

and hL given by the model are 32 V and 15.0 MJ kg−1, respec-

tively, instead of 36 V and 13.7 MJ kg−1 for the measurements.

Following the simplified model that the specific enthalpy 

oscillates between approximately 11 and 21.5 MJ kg−1, this 

interval is compatible with the values obtained by OES, hL
min =

9.5   ±   1.5 and hL
max = 25.5   ±   1.5 MJ kg−1 shown in figure 11.

The shape of the signal hL(t) is smoothed compared to V(t) 

thanks to the low pass filtering effect due to the presence of 

τ0 in equation  (14). If τ0 had been 0, then the enthalpy and 

voltage modulation ratios would have been the same, i.e. 17.

It can be noted that the maxima of enthalpy are almost syn-

chronous with the maxima of arc voltage, whereas the minima 

of enthalpy exhibit a time lag of approximately 230 µs, approx-

imately one-third of the period, with respect to the minima of 

arc voltage. This time delay accounts for the dynamics of heat 

Figure 14. Theoretical evolutions of arc voltage V(t) (solid line, left scale), and specific enthalpy at the nozzle exit, hL(t) (open circle, right 
scale). T0 = 710 µs. The horizontal line shows both voltage and enthalpy mean value. Vloss is an equivalent voltage that represents heat losses 
at 15 A.
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transfer from plasma to the anode nozzle, which depends on 

the characteristic time, τtr, for heat conduction and on resi-

dence time, τres, of the plasma in the channel. τ0 appears as a 

relaxation time that is a combination of τres and τtr following 

Matthiessen’s rule. In figure  14 the decreasing branches of 

hL(t) are related to an extinguishing plasma, created during 

the previous period of voltage, instead of the raising branches 

that correspond to an energy amount that grows following 

the voltage increase of the actual period. In figure 5(a), the 

time delay corresponds to the end of one of those decreasing 

branches and figure 5(b) corresponds to the beginning of the 

raising branch. Both of those pictures correspond to a spe-

cific enthalpy close to its minimum. Due to the time delay in 

figure 5(c), the voltage is close to its mean value, but the spe-

cific enthalpy is approximately 2 MJ kg−1 below its own mean 

value, following figure 14.

The minimum enthalpy, hL
min, defined in figure 11 and that

was thought as a threshold value under which OES cannot 

detect sufficient reliable spectrum, is in reality a true min-

imum. That means there is no weighted temperature ( )T hL  

below approximately 6000 K. The experimental results pre-

sented in figure  9 are interpreted thanks to the model that 

gives the link between the instantaneous voltage V(t) and the 

specific enthalpy at the nozzle exit hL(t) (figure 14) and, then, 

following the link between hL(t) and the weighted tempera-

ture, ( )T hL  (equation 4). The results given in table 1 show a 

reasonable agreement between the measured temperature, 

Trot, and the predicted value of ( )T hL , although the model of 

section 4.3 is rather simple and the constant αcr and Velec that 

are involved are of weak precision.

However, the use of the model together with the notion of 

weighted temperature is of considerable help for the interpre-

tation of the temperature measurements, especially for under-

standing the timing between instantaneous voltage, which is 

easily measurable, and the instantaneous specific enthalpy 

available at the nozzle exit, which is only accessible by optical 

means.

5. Conclusion

Finely structured ceramic coatings with intermediate thick-

nesses (2–20 µm) can be manufactured by plasma spraying 

techniques. A liquid phase as carrier medium must be used 

to give enough momentum to nanosized solid particles to be 

injected in the plasma core. They can also be directly syn-

thesized in-flight after vaporization of solution precursors 

and subsequently sprayed onto substrates. The interaction 

dynamics between plasma and materials depends on plasma 

stability or on the process ability to reproduce in time the 

same heat and momentum exchanges. Most current studies 

are devoted to limit the arc motion inside the plasma torch to 

improve the stability process.

Instead, in this chapter, it is proposed to favour the arc 

motion to obtain a self-sustained pulsed jet. The resulting 

nitrogen arc jet produces a time-modulation of enthalpy at the 

nozzle exit that can be used to control the heat and momentum 

transfers by adjusting the injection timing of materials. 

Measurements of rotational temperatures obtained by time-

resolved optical emission spectroscopy have shown that they 

change in the temperature range of 6000 to 8000 K. Due to the 

dissociation of the nitrogen molecule, heat transfers are par-

ticularly efficient and can be described in terms of heat con-

duction potential, which is directly dependent on the specific 

enthalpy of plasma. In the experimental conditions presented, 

the modulation of enthalpy (h h/L

max

L

min) at the nozzle exit was 

shown to be close to 2.68. This modulation ratio was checked 

by a simplified model of the dynamics of heat transfer inside 

the torch nozzle, which has confirmed the spectroscopic meas-

urements. The model has permitted interpretation of time-

resolved measurements and has especially highlighted a time 

delay between the arc voltage and the enthalpy at the nozzle 

exit. This delay accounts for the characteristic time of heat 

transfers and the residence time of plasma inside the nozzle. It 

results in a low-pass filter effect on enthalpy that smoothes the 

fast variations of arc voltage.

Departure between the measured and calculated enthalpy 

modulation ratio can be explained by the simplified assump-

tion of a constant mass flow rate in the model. An amplifi-

cation effect of enthalpy should occur when the arc voltage 

and the gas flow rate are out of phase ( ∝h V q/L m
). This will 

be considered in a further chapter. Finally, the modulation of 

enthalpy suggests that plasma velocity is also time-dependent. 

Consequently, in further experiments of synchronous injec-

tion of materials in pulsed arc jet, this time-delay must be con-

sidered not only for heat transfers but also to control material 

trajectories that should then be reproducible. This study can 

be applied to conventional plasma torches used for plasma 

spraying for which oscillations following the Helmholtz 

mode have been reported. Most of these torches have voltage 

fluctuations of approximately 70 V peak-to-peak and with fre-

quencies of approximately 4.5 kHz [14]. The specific enthal-

pies are comparable with those obtained in the present work 

(∼15 MJ kg−1).
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Appendix

Let H(ω) and V(ω) be the Fourier component of h′(t) and v′(t), 

respectively. Equation (14) can be changed into the following 

transfer function:

Table 1. Comparison of the measurements of rotational 
temperature and weighted temperature following the results of 
figure 9.

V(t) (V) hL(t) MJ kg−1 ( )T hL  (K) Trot (K)

62  +/−  1.5 11 6400 6280  +/−  250

75  +/−  1.5 13  +/−  0.4 6700  +/−  50 6460  +/−  250

85  +/−  1.5 15  +/−  0.4 6900  +/−  50 6600  +/−  250

105  +/−  1.5 21 7400 7540  +/−  150
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Due to the shape of the voltage signal as seen in figure 2(b), 

V(t) is approximated by a periodic function, T0 in period,

( ) = + − < < ( + ) = ( )V t V A
t

T

T
t

T
V t T V t,

2 2
and

0

0 0
0 (A.2)

where V  = 75 V, T0 = 710 µs and A = 70 V are, respectively, 

mean voltage, the period of voltage signal, and its mean 

amplitude peak-to-peak shown in figure 2(b). Then, by using 

the Fourier expansions, V(t) and hL(t) become:

∑
π

ω ω

π

( ) = +
(− )

( ) =
=

∞ +

V t V
A

n
t n

T

1
sin with

2

n 1

n 1

n n

0

 (A.3)

∑ ω θ( ) = + ( ( − ))
=

∞

h t h H tsinL L

n 1

n n n (A.4)

π α ω τ

θ
π

ω τ

=
(− )
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A I
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