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Abstract

Lightning electrical arcs lead to high temperatanel high pressure air plasmas where radiation is a
dominant energy transfer mechanism. The aim ofwtlik is to evaluate the energy exchanges during
the arc-electrode interaction for metallic plategpacted by pulsed lightning arcs that can reach
100 kA, with peak time of around 13 ps and full thicht half maximum (FWHM) of 40 us. Rear
surface temperatures are measured with infrarecerggnand an experimental parametric study on
current amplitude, material, plate thickness ard golarity is performed, with a total of eighteen
studied configurations. An inverse method usinghbat conduction equation and taking into account
Joule heating is applied to estimate the incomiagt flux at the plate surface. To compare with
experimental results and to analyze the contributibradiative transfer, calculations of the incogi
radiative flux from the arc column on the plate pegformed. Experimental time- and space-resolved
temperature and pressure distributions of the alenmn are used for these computations, which are
performed using a line by line calculation basedhocurate plasma spectroscopic data, in association
with a ray tracing method. An energy budget analysiproposed and the influence of the different
mechanisms is discussed. A transferred energy hitja® 300 J is observed for the 100 kA current
waveform. The comparisons show that radiative fhoxn the arc channel can play an important role
in the energy balance at the plate surface.

I. Introduction

Lightning strike is an important phenomenon in dleeonautical industry, since statistically an aftcr

is impacted by one lightning strike every 1000 @9a0 flight hours:” During the lightning-aircraft
interaction, significant thermo-mechanical consiimiare imposed to the aircraft structure at the
attachment point, as well as the high current tt@mn can cause an electromagnetic coupling with
internal cables and components. For the new airlgenerations, which employ carbon fiber
reinforced polymer composite (CFRP) in around 50Pthe aircraft weight, the concerns are even
more important. CFRP are more vulnerable to ligigreffects as a result of their lower thermal and
electrical conductivities when compared to metadicuctures. For that reason, important steps of
lightning protection specifications and certificatiprocesses must be realiZeBhose processes are
accomplished mainly through lightning laboratorgt$e which deal with high current waveforms
higher than 100 kA pedk.

Lightning electrical arcs produce air plasmas vhitljh temperature and high pressure. For instance,
for a waveform of 100 kA peak, the plasma can reswhperatures and pressures higher than
40 000 K and 5 MPa, respectively. At the impactnpaeegion, the arc imposes important thermal



constraints to the aeronautical material which eauws significant increase of the local temperature,
and can lead to melting, puncture and delaminationthe aeronautical context, some studies have
dealt with the arc-electrode interaction for amgshas. Chemartiet al® have studied the interaction
of the electrode and DC electrical arcs in airgiag from 200 to 600 A. Many oth&rorks have dealt
with the energy balance at the arc-electrode iaterfor a variety of arc applications as, for ine&
welding, cutting, circuit-breakers, furnaces, higtensity discharge (HID) lamps, €té° To mention

a few examples, Benilost al”° have performed many studies on the modelling a$mph-electrode
interaction in HID lamps from the earlies 90’s, vdurrent amplitudes starting from around 1 A to a
few hundreds of amperes. Hesual!!, Delalondre and Simonif) Lowkeet al*® and Lageet al* deal
with the same category of plasma-electrode modetee context of DC arcs in argon plasmas with
current ranging from 50 to 400 A, which can be fum cutting and furnace applications. Sanasrs
al.’® Jonssoret al’®, Haidar’, Xu et al'® and Racet al'® investigated argon arcs ranging from 100 to
400 A that are used for arc welding applicationsndret al?° studied air and air-copper mixture arcs
with current amplitudes that can reach 2 kA in hwitage circuit breakers applications. Those works
proposed models for the energy transfer at theelaairode interface for conditions where the main
mechanism is the heat flux resulting of the iond afectrons, that are accelerated in the sheath
electrode region and which reach/leave the eleetrothis flux is composed of different effects whic
are normally treated separated. They depend oniotheand electron current density, electrode
material, plasma and electrode temperature>®ia. this work, we will call this equivalent heat flu

as ion-electron heat flu..

For pulsed high current electric arcs, reachingdneds of kA and with peak time of around ten
microseconds, a simple physical picture of meclmasipresent during the arc lifetime can be
descripted as follows: the high electrical curréiwdt circulates in the arc column drives the main
properties in the plasma. It releases electric powéhe air plasma by Joule heating, which incesas
the plasma temperature along the entire arc coldiim@.arc column losses a portion of this power by
radiative emission and promotes the heating ofsiimeounding gas, helping the expansion of the
column. The energy exchange source in the arcretéetinteraction can be separated in two groups.
The first one is the heat flux(W m?) at the interface and the second is the volumptiger by Joule
heatingPs.ue (W m). Apart from possible phase change, we can asshatehe heat flux is mainly
composed of two major mechanisms: the ion-eledtieat fluxqg.. as a result of the electrical current
flowing through the interfac@® and the radiative flugy.q resulting from incoming flux from the arc
column.

The aim of the present work is to investigate thergy exchanges during the arc-electrode intemactio
for pulsed lightning arcs up to 100 kA (peak tinfel8 ps and FWHM of 40 ps) impacting metallic
plates and to evaluate the contribution of theataek flux. Rear surface temperatures are measured
with infrared camera, and the heat flux at theeplaterface is estimated by an inverse method. A
parametric study covering current amplitude, mateplate thickness and arc polarity is performed.
To analyze the contribution of the radiative tr@nstalculations of the incoming radiative fluxrro

the arc column on the plate are carried out. Tlteseputations are performed with detailed plasma
spectroscopic data using a line by line calculatioassociation with a ray tracing method, and gisin
time- and space-resolved temperature and pressigtds fof the arc column determined
experimentally.

The paper is organized as follows. Section Il igicited to the experimental study. The current
generator and the diagnostic setups utilized fgh Ispeed video imaging and Infrared-Thermography
(IRT) measurements are described. We present sldtgef the arc current, voltage, the evolution of
the root radius, the rear face temperature profiled the total energy transferred to the plate. In



Sec. lll, we present the inverse calculation metand the procedure to obtain an estimation of the
incoming flux. Section IV is devoted to the radratitransfer calculation. We describe the plasma
radiative properties required in the computatidhs, radiative transfer geometrical solver, and then
present the incident radiative flux distributions the plate. Finally, the energy budget analyses an
the influence of different mechanisms are discugs&ec. V.

II. Experimental investigation
A. Experimental setup and test matrix

The lightning arc studied in this work follows trecommendations of the standards and certification
processes, as described in the document SAE ARPAB4The generator is presented in detail in

Refs. 21 and 22. Briefly, it is composed of foupaeitors connected in parallel and discharging from
a series of ballast resistances with a currentrmehy the external structure. The switching is

performed by a spark gap. One of the electrodabdsaeronautical plate and the other one is a
tungsten rod with a dielectric sphere on the tgil¢fving the recommendations of Ref. 4) to avoid a
direct plasma jet from the metallic rod to the aendical material. The distance between the two
electrodes is 120 mm. The arc ignition is done witthin carbon wire to avoid the increased light

emission induced by a metallic wire.

In addition to voltage and current measurements,dptical diagnostics are used, IRT and high speed
cameras (HSC). The IRT is performed during thelifgtime to allow a time-resolved temperature
measurement in the rear panel surface. The emplog@era is a FLIR X6580 SC (640 x 512 pixels,
spectral range from 1.5 to 5.1 um) which is sebperate at 750 fps with a resolution of 200 x 200
pixels, and an exposure time of 90 us. The IR canigrcalibrated by FLIR systems and the
correspondence between the measured digital |edethee temperature is stored in a calibration curve
The rear panel surfaces are painted with a higbsvity matt black paint for high temperature 317 1.

The thickness of the paint layer is around 25 pm.

Two HSCs are used to measure the shape evolutitye afc. The cameras are both Phantom V711 from
Vision Research (CMOS sensor of 1280 x 800 pix€&l&unf) with a resolution set to 256 x 32
pixels, allowing a sampling rate of 500 kfps, with exposure time of 0.3 ps. Figur@)lshows a
picture of the experimental setup with the currgaenerator, the impacted plate and the optical
diagnostics, and Fig.() present a schematic diagram of the electrodeshaendrt zone.

(2) (b)
o Infrared Camera

e 7 ‘ FLIR X6580SC

Attachment point
(arc root)

Arc channel
Tungsten rod

'f\ 120 mm

. Dielectric sphere
High Speed Cameras Impacted plate

PHANTOM V711 A : Circular mounting

FIG. 1. (a) Picture of the experimental setup gbildiagram of the electrodes and arc zone.



A parametric study is carried ofdr four parameters: plate material, current arodit, discharge
polarity and panel thickness. Concerning the matenie simplified the study by using only metallic
plates instead CFRP materials, in order to haveogm and reliable properties for the thermal
diffusion modelling, necessary to solve the probleyninverse method. A preliminary study has
shown that, for an aluminum plate (aeronauticadyal\l 2024-T3), the melting temperaturé,(; =
933.47 K) can be reached at the arc-plate interfatiachment point). Therefore, in addition to
aluminum, two other materials were used to avoatheg the melting temperature: titanium with
Therr @t 1941 K and tungsten wifh,e; at 3695 K. The polarity of the discharge (the ioipd plate
being the cathode or the anode), as well as therduamplitude, are expected to modify the eleerod
voltage fall EVF). The amplitude will be the only parameter thall affect the incoming radiative
flux, modifying the intensive thermodynamic propestof the arc column (temperature and pressure
fields inside the arc column). Varying the thickened the plate allows us to act on the sensitigity
the thermal measurement (maximum temperature rdacel on the diffusion time. A total of 18
configurations are tested. The test matrix is surired in Table I. A negative polarity in this table
means that the panel is the anode. The samplesqaege plates of 400 x 400 mralamped at the
generator structure with a circular mounting.

TABLE I. Test matrix.

test specimen thickness Ipeak polarity notation
(mm) (kA)
T1 Aluminum 0.8 50 + Al_0.8 50+
T2 Aluminum 1.6 50 + Al_1.6 50+
T3 Aluminum 0.8 100 + Al_0.8_100+
T4 Aluminum 1.6 100 + Al 1.6 100+
T5 Aluminum 1.6 100 + Al 1.6 100+b
T6 Titanium 0.8 50 + Ti_0.8 50+
T7 Titanium 1.2 50 + Ti 1.2 50+
T8 Titanium 0.8 100 + Ti_0.8_100+
T9 Titanium 1.2 100 + Ti_1.2_100+
T10 Titanium 1.2 100 + Ti_1.2 _100+b
T11 Tungsten 1.0 100 + W_1.0_100+
T12 Tungsten 1.0 50 + W_1.0_50+
T13 Tungsten 1.0 100 + W_1.0_100+b
T14 Tungsten 1.0 100 - W _ 1.0 100-
T15 Aluminum 0.8 50 - Al_0.8_50-
T16 Aluminum 1.6 50 - Al_1.6 50—
T17  Aluminum 0.8 100 - Al_0.8_100—
T18 Aluminum 1.6 100 - Al_1.6 100-




For the three different materials, the density, (the specific heat capacityCd), the melting
temperature Te) @and the thermal conductivitk)(are taken from Ref. 23 for aluminum alloy AL
2024-T3, from Ref. 24 for titanium, and from Reb for tungsten. Temperature dependence is taken
into account fork, while p and C, are assumed constant. A second degree polynompaéssion,
fitting the data taken from Refs. 23-25, is usedcaétculatek(T) from 300 K to T Table Il
summarizes the material properties employed inviiisk.

TABLE Il. Thermal properties of the studied materials.

Thermal conductivity versus temperature

Specific Melting (W m™K?
: Density heat temperature
specimen 3 .
(kg m™) CapiCItX © é\(/)%rzig Applied expression k(T)
(I kg™K™) (polynomial approximation)
Tmelt)
Aluminum
12
(AL 2024- 2780 875 933.5 175.4 —1.133%@%+ 0.296xT + 39.15
T3)

Titanium 4510 523 1941.15 22 6.26°p0T°— 0.009xT + 23.10
Tungsten 19300 132 3695.15 107.3 1.133%MG - 0.063xT + 178.8

B. Arc current, voltage and root radius

Figure 2 presents the measurements of the two galseent waveforms and the corresponding total
arc voltage, studied in this work. For the curmgedk of 50 kA, the peak time and the current shipe
the arc ignition (t = 0) are, respectively, 12.6amsl 8.4 kA ps. For the 100 kA waveform, these
parameters are equal to 12.3 ps and 19.5 KA Esr both waveforms, the FWHM is around 40 ps
with approximately 85% of the electric charge tfarred in the first 100 ps and the total currensel

to zero after 300 ps. The repeatability of thisenr waveform was evaluated in previous studies and
for the 100 kA case, it has a standard deviatiof.8fkA?* The total arc voltage, obtained by the
voltage difference between the two electrodess fajl one order of magnitude in the first twenty
microseconds as the current in the arc increasksr Approximately 30 us, this voltage reaches a
steady level with values of 620 V for 50 kA and 44€r 100 KA.



(@) (b)

[£4)
o

100 F=w

| ——50 kA ——50kA
= = =100 kA i = = = +100kA

[y
W

80

current (kA)
arc voltage (kV)
- ]
w o

=
o

w

0 50 100 150 200 250 300 0 10 20 30 40 50
time (ps) time (ps)

FIG. 2. Studied current wavefornfa) and the corresponding total arc voltlge

During the first 60 us, the arc column expandheredial direction showing an axisymmetric shape.
The arc root (the portion of the arc channel inuttoinity of the electrode) follows this axisymmietr
expansion with a small constriction effect duehte plate presené Figure 3 presents a few pictures
of the arc root recorded by HSC. The arc root mdiuvolution is deduced from the radial profile
obtained by HSC measurements and based on bothafilei of light intensity and threshold criteria,
as described in Refs. 14 and 15. The radial psofle analyzed between 0.75 to 1.25 mm from the
plate surface, which includes three rows of pixela picture. The results for the arc root evolutawe
based on one shot per configuration, while the é@emn is obtained by an average of around 50

tests.

70 mm >

Plate interface j/ '

A

8 mm

FIG. 3. Pictures of the arc root zone for a 100 kA wavefaipplied to an aluminum plate. The
material is located at the bottom of each image.

Figure 4 presents the results for different maler@a the two current amplitudes. All arc roots are
slightly smaller than the free column, showing anstdction effect as observed in Fig. 3. The
maximum radii are around 20 mm for 50 kA waveforeasg 28 mm for 100 kA. The root radius for
aluminum plates is approximately 8% higher thantfianium and tungsten. A similar difference is



also observed for the positive polarity when coragao the negative one. The panel thickness seems

to not affect the root radius.
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FIG. 4. Arc root evolution for(a) 50 kA and(b) 100 KA.
C. Examination of the surface damage

The evaluation of the plate surface after the higig arc can provide a few insights of the arc-miate
interaction. Figure 5 shows the pictures of thachtnent point after an arc test for different [gate
Generally, the spots exhibit a circular shape vsitmilar sizes. They are slightly higher for the
tungsten compared to the others materials. Thead@sof the spots are around 25 mm for 50 kA and
30 mm for 100 kA, which corresponds approximatedytheir respective arc root diameter at the
current peak. A few asymmetries are observed fercthises of 100 kA arc in positive polarity for
aluminum and titanium (plate being the cathode)kneta radial streak is noticed. This inhomogeneity
is also observed with the IRT measurements (seelld8); and this seems to be related to the igniti
phase of the ignition wire. A few colorful markseanbserved at the surface, in the vicinity of the
attachment point. These marks seem to be a thiosttem originated from some vaporization or from
the high temperatures reached at the attachmeionteand can be easily removed if we gently clean
the surface. For aluminum and titanium plates, allsanea in the center of the spot appears to raach
phase change. More details about this phase crardy¢he area that can reach melting temperature
are discussed in Sec. III.B.
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FIG. 5. Plate surface damages after shot.
D. IRT measurements and analysis

The IRT measurements of the rear plate surface dmtyre are performed with a frequency of
750 Hz, leading to a period of 1.33 ms. As preskmteSec. 11.B, the arc characteristic time is abu
100 us, which means that the first IR camera aitopuigakes place after the end of the arc. However
the conductive time scales given byz. = €’a, with e being the plate thickness aadhe thermal
diffusivity, given bya = k /(pC,), are higher than 10 ms for the studied plate®rdfore, the IRT
sampling rate is enough to well describe the irsgad rear plate temperature.

Figure 6 shows an example of the measured reaacgutbmperature for the case Al_0.8_100+ at
different instants. This case was chosen becausghdtvs the most asymmetric temperature
distribution among the studied configurations. Anhd, the radial streak observed on the incidem sid
(Fig. 5) is well identified. After a few millisecds, the radial diffusion starts to create an
axisymmetric distribution. At 100 ms, the spot iready well symmetric, and as we observe by the
isothermal contour lines at 500 ms, the surfacgezature exhibits a fully axisymmetric distribution

For analysis purposes and to solve the inverselg@rolwith a simpler method, an axisymmetric
hypothesis is considered. So, a radial profilealewdated from the surface temperature distribution
The spot center is defined using the measuremenfeast hundreds of milliseconds. This center point
is used to calculate a radial mean profile. Twongxas are presented in Fig. 7. As expected, we
observe that at 4 ms the mean radial profile stefesv oscillations due to the original form, budrfr

20 ms the mean profile exhibits a smooth profilengl the radius. In both examples, there is a
temperature increase phase, reaching a maximunerighn 460 K for Al_0.8 100+ and 400 K for
W_1.0_100+ tests. After the maximum value, the ati@ristic length of the profiles, as for instance
the half width at half maximum (HWHM), is around d®n, which corresponds to the damage size
observed in Fig. 5.
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FIG. 6. Examples of the rear temperature measurementsaviittv isothermal contour lines for
Al_0.8_100+ test at different instants (4, 20, &6@ 500 ms).
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To give a general idea of temperature evolutionttier tested configurations, we can plot the center
temperature over time, obtaining a functiift). The studied configurations have very differarges

of temperature and conductive time scaleg. (So, this function is normalized, using a non-
dimensional temperaturg’, given byT = (T — T)/(Tmax— To), With Ty and T,a being, respectively,
the initial and maximum temperature for each canfigion, and a non-dimensional tirtig given by

the Fourier numbet” = at/e”. The results of the non-dimensional functibf{t"), are presented in
Fig. 8, for several configurations. The non-dimenai curves show a very good similarity during the
initial growth rate and until the peak time, with maximum T" being reached befoté= 1 for all
cases For the curve evolution after the maximum, in &éddi to the heat conductive effects, the
temperature decay depends also on convective atidtive losses. These losses depend on the
absolute temperature and material properties tleahat taken into account by the non-dimensional
function, resulting in different behaviors durifgetcooling stage for different configurations.

Al 0.8_50+
Al_1.6_50+
Ti_0.8_50+
Ti_1.2_50+
W_1_100+
W_1 50+
W_1_100+b
W_1_100-

non-dimensional temperature

1 10 100
non-dimensional time

FIG. 8. Non-dimensional center temperature versus non+tiinaal time for different tested
configurations.

The rear surface temperature measurement can beuaéd to estimate the total stored energy
transferred to the plate. Assuming that at eachaig, the temperature is uniform in the plate
thickness, we can calculate the cumulated traresfesnergy by:

AE(E) = f epCy(T(t) — To)dS (1)
S

The results for some test cases are presented.i® FiVe can observe that for the same material and
current amplitude, the maximum reachedAlyis approximately identical, with values around 150
for 50 kA and 300 J for 100 KA, in the case of alwm plates. This energy reached 330 J for the
tungsten sample. Notice that the hypothesis ofiforum temperature in the thickness of the plate is
not valid in the first milliseconds, when the temgiare of the front face is much higher than tres re
face one since the conductive timés of the order of 10 ms for those configuratidast that reason,
the result given by Eq. 1 continuously increaseinduthis period, even though the arc characteristi
time is much smaller, of the order of 100 ps. Hosvewas, in addition, heat losses by convection and
radiation can be neglected in these first millisetxy the maximum energy given by the maximum of
Eq. 1 over time represents a lower bound but iy etse to the real transferred energy. Table Il
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(described in Sec. ) will summarize the maximstored energy, maximum temperature and the
characteristic times for all configurations.
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FIG. 9. Stored energy transferred to the plate for diffes®nfigurations.

Two tests are performed to verify the uncertaintg aepeatability of the IRT measurements. Figure
10 present the temperature profile difference betweonfigurations with identical parameters for
aluminum and tungsten plates. For aluminum, théemihces remain smaller than 3 K, which
corresponds to less than 2% of the temperaturati@ri For tungsten the difference reaches 6 K
around the maximum temperature, equivalent to @elimncy of 6%.

(b)
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= = =16ms

32ms
T PP 64m5
—+—160ms| |
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0 10 20 30 40 50 0 10 20 30 40 50
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FIG. 10. Temperature difference between tests with idehpiaeameters at different instants:
(a) comparison Al_1.6_100+ with Al_1.6_100+b and (bnparison W_1.0_100+ with
W_1.0_100+b.

[ll. Inverse method and analysis
A. Problem statement and assumption

The direct problem, with the heat flug)(imposed at the arc attachment point and leadingnt
increase of the temperature in the plate, is sobdg the heat diffusion equation and taking into
account the volumetric Joule heating. The equasigiven by:

11



oT -, -
pCr5 = V- (kVT) + Piouie (2

The problem is discretized in a 2D-axisymmetricrgetry and is solved using a finite volume Euler
explicit scheme, with second order accuracy focep@he plate is supposed to be a homogenous disc
with thicknesse and radiuskR = 200 mm. The temperatuiie is calculated as a function of radial
positionr, axial positionz (z= 0 corresponding to the impacted surface) and tinlehe boundary
conditions are:

( T(r,z,t =0) =T,
! T(r=R,z,t) =T,
l_ koT(r,z = 0,t)/0z = q(r,t) — hpn (T —Ty) — €0 (T* = Tg)

3
—kdT(r,z=1e,t)/0z = hpo(T — Ty) + &0(T* — T§) ®)

whereo, h ande are respectively the Stefan-Boltzmann constaethiat transfer coefficient and the
surface emissivity. The subscriptie™and “re” denote incident and rear surfaces. The termd) it
ande, account for convection and radiative losses, @spdy. The heat transfer coefficient is taken
as 10 W nif K™ for both surfaces, and the emissivity is set &fér incident and Xor rear surfaces.
These parameters have no significant effects omethdts at short time scales, heat losses being ve
weak compared to the heat fluxes induced by thetredal arc.

The axial positiorz is discretized intm, = 40 uniformly distributed values. To be more $&res near

the attachment point, the radial direction is diszed inn, = 200 non-uniformly distributed points,
following an arctangent expression, with the stgp ait the axis equal to 0.47 mm and at the plate
edge equal to 1.52 mm. The time step is equals for the first 500 ps, to take into account the
variations of the incident heat flux during a fexe aharacteristic times, and then it increases jiG 5
until the end of the calculation.

The volumetric Joule heating at each tirhds calculated assuming an electrostatic potential
distribution v'(r,z) over the material, which is obtained by solvinge tfPoisson equation,
V.(a,VV*) = 0, whereois the electrical conductivity of the material. Thaule power is then obtained
by Poue = 0.|VV*|?. The Poisson equation is solved by a finite voluBuer implicit scheme, with
boundary conditions given by ¢,V (r,z = 0)/dz = j*(r), aVi(r = 0,z)/or =dVi(r,z=e)/dz = 0
andVt(r = R,z) = 0, wherej(r) is the current density at the attachment poirtinae t. The current
density is calculated using the measured totakotirmnd assuming a Gaussian radial distributioh wit
the standard deviation given by the measured @iaga,(t).

To solve the inverse problem, we impose a candifiatetion for the total incident flug(r, t), and
then we calculate the direct problem to obtain tdraperaturel (r, z, §. The calculated rear plate
temperature is compared to the measured one aedstdquare procedure is applied to adjust the
parameters defining the candidate function of tivedient flux.

First tests were performed with only one total deeit flux, having a Gaussian distribution in space
and a bi-exponential evolution in time. Howevee #djustment was poor with only one spatial and
temporal constant. Improved results are obtaindd Wwio independent density fluxes, modelled by
au(r, t) andqy(r, t) as given by:
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000 =i (o (~ ) - (- ) naxz(aﬁrc(mz exp <_%<al+(t))4> (4)

q2(r,t) =p, (exp (— é) — exp (— é))mexl) <_%<m)z> -

wherep;, 7i; and 7, are the coefficients that describe the bi-expdakfanction for the temporal
evolution ande; is a coefficient applied to the arc radius to wllsome flexibility of the radial
distributions {= 1 or 2). In order to allow two different shapes for tipasal profile, a super Gaussian
function of order four is used for the distributiohq;, which gives a sharp shape for the profile. A
Gaussian function is used to modgl The radial deviation for both profiles is estiethtby the
product of their respective coefficiestand the arc radius. In total, four parameterstarh heat flux
are used in the minimization of the least-squacegaure, namelp;, ©, 7, andg;. The comparisons
are performed over all points in the measured fgulcdile (~135 points) and from times from 1.33 to
500 ms. Same results of the adjusted parametessal@r obtained when limiting the calculation time
to 160 ms. Integrating each surface ftgxover the surface, we obtain the corresponding fiote

R

P;i(t) = f qi(r,t)2nrdr = p; (exp (— TL) — exp (— L)) (6)

i1 Ti2
0

and, by integrating over time this total flux, tthesipated energy is deduced:

tend

Ei = J Pi(t)dt (7)

0

wheretg,qis a long time compared to the arc characteristie,tofthe order of a few milliseconds. For

the cases when melting temperature is reachedeirssidell, the temperature of the affected cell
is blocked atTye; until the next time step. This limitation can ldsr several time steps, and

this temperature is naturally decreased when tmelwgive flux to adjacent cells is higher than
the incoming flux.

B. Results and analyses

The inverse method is applied to all 18 testedigardtions. In ten cases, the melting temperatae w
reached at the incident face. These cases cormdpoaluminum and titanium plates with 100 kA
current in both polarities and also to aluminumhws0 kA in negative polarity. The duration that the
temperature remains @i, Varies from approximately 20 us, for 50 kA cagesl50 ps for 100 kA.
Nevertheless, the area concerned by the meltirgsmall disc, ranging from 2 to 7 mm radius. A
calculation was performed to compare the incommergy provided by the imposed energy fléx €

E,) and the energy transferred to the whole platednyduction when melting was detected. This
energy is obtained according to:
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tend R

ECd - f —k

0 0

oT
0z

2nrdrdt (8)

z=0

For the Al_0.8_100- test, for instance, the diffieee betweerk; + E, and E.4 is smaller than 6 J,
which corresponds to less than 2 % of the totalksfexrred energy.

Figure 11 presents examples of the measured awcdlat@d radial temperature profiles. A good
agreement is found, and discrepancies of less4lam@re observed, which corresponds to less than
4% when compared to the absolute variation fromirtti@l temperature.
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FIG. 11. (a) Adjustment andb) difference of measured (exp) and simulated (simptratures for
case Al_0.8 50+c) Adjustment andd) difference of measured and simulated temperaforesse
Al_1.6_100+.

Figure 12 illustrates two examples of the obtaitwdl fluxes over timeP; andP,, from the inverse
method. For the case of 50 kA, the characterigtieg are similar for both curves, and consequently
the total incoming energy for each flux is compégatvith values around 70 J. On the other hand, for
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100 kA, there is an important difference in thepghaf the curves, and the incoming energy is twice
higher forg, reaching 170 J. The adjusted radius coefficientre in most cases less than 1, which
indicates a constriction of the incident heat fkompared to the apparent arc radius presented in
Fig. 4. The coefficient; is systematically smaller than. The average value fog is 0.33 and fom,

is 0.83, showing that even for the cases whenaimporal evolutions are comparable (Fig(@p the
spatial distribution is quite different.
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FIG. 12. Examples of surface integrated heat fluxeqdddAl 0.8 50+ andlf) Al_0.8 100+ as
determined by the inverse method.

Table Ill summarizes the main measured data andltsesf the inverse method for all tested
configurations. The second and third columns pretfenmeasured transferred enendfy(considered

as the maximum oflE(t) given in Eg. 1) and the maximum measured temperatached in the rear
plate surface with its corresponding peak time. fchath column presents the maximum calculated
value reached at the impacted surface. When mekimgerature is reached in at least one cell, the
total duration for which the temperature remainghi level is also indicated. The total incoming
energiesk; and E, are listed and their sum is compared to the medstiE. The discrepancies
between the measured and calculated rear temperptofiles are indicated in root mean square
(RMS) error, average erroes(g and maximum erroreg,y). For two cases of titanium plates for
100 kA, the center of the temperature profile reasckaturation, as the IR camera had a limited
calibration range.

A good agreement is found when comparing the medsamd estimated total energy from the inverse
method. Discrepancies around 12% are observeddorirum and tungsten plates, for the different
currents, thicknesses and polarities. Even forcdses of aluminum when the melting temperature is
observed, the total energy is slightly affectednsntioned in Sec. lll.A. Also, for aluminum and
tungsten cases, the calculated temperature prafiles good results, with average errors of therorde
of 1 K and maximum errors around 6 K. The adjustnagrd comparisons for titanium plates are less
accurate, with average and maximum errors arouX?2and 18 K, respectively, and energy
differences that reach 55%.
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TABLE Ill. Summary of main experimental and numerical results

configuration AE (J) T. (K) Tine max(K)  E1(J) Ex(J) Ewt () AE/Eix RMS(K) e34(K) enadK)
Al_0.8_50+ 145 414 (7ms) 880 63.8 722 136 7% 0.680.33 4.77
Al_1.6_50+ 133 349 (28ms) 785 50.1 616 111.7 19% .570 0.32 3.71
Al_0.8_100+ 300 467 (10ms) 933.5for 130p81.3 170 251.3 19% 1.66 1.27 5.58
Al_1.6_100+ 318 377 (29ms) 933.5for24ps 84.5 202286 11% 0.69 0.48 2.42
Al_1.6_100+b 308 380 (28ms) 933.5 for 150ug4 189 263 17% 0.67 0.49 2.39
Ti_0.8_50+ 175 456 (50ms) 1794 86.4 384 125 40% 362. 1.36 14.23
Ti_1.2_50+ 195 400 (125ms) 1603 107.4 47.2 154 27% 1.95 1.13 10.49
*Ti_0.8_100+ 335 501 (20ms) 1941 for 25us 290.25 3155 26% 2.63 1.37 18.16
Ti_1.2_100+ 330 472 (105ms)941 for 150us 223.6 60.9 285 16% 2.88 1.93 19.12
*Ti_1.2_100+b 360 473 (60ms) 1941 for 150us 213 30 233 55% 3.11 96 1 22.34
W_1.0_100+ 330 403 (17ms) 1160 80 200 280 18% 0.990.74 4.40
W_1.0_50+ 158 365 (15ms) 700 66 78 144 10% 0.49 00.32.48
W_1.0_100+b 315 408 (19 ms) 980 12685.4 292 8% 1.62 1.01 6.20
W_1.0_106- 316 424 (24ms) 1370 117 172 289 9% 2.04 1.50 9.20
Al_0.8_50- 151 426 (10ms) 933.5for40pus 479 85.1 133 14% 3 0.7 0.51 2.80
Al_1.6_50- 135 350 (30ms) 933.5for20us 374 87.2 124.6 8% 670. 0.48 2.40
Al_0.8_1006- 326 456 (20ms) 933.5 for 1351588 260 348 12% 1.60 1.24 4.30
Al_1.6_1006- 320 370 (32ms) 933.5for 140p415.2 225.9 341.1 6% 0.56 0.35 3.60

*IRT saturation.

IV. Calculation of radiative transfer

First modelling and calculation of the radiativansfer between a lightning arc column and a pfate,

a 100 kA current waveform, was performed in Ref. P6the present work, these calculations are
completed and extended to a 50 kA arc. In the Wollg, we present the input data, the radiative
properties, the radiative transfer solver and dsailts.

A. Input data

The intensive thermodynamic properties of the figig arc were characterized in Ref. 27 using optica
emission spectroscopy. In this previous work, weessed the space- and time-resolved propertiem with
the arc column far from the electrodes under |twatmodynamic equilibrium (LTE) assumption. The
LTE assumption is certainly not valid in regionsyelose to the electrodes. However, the thickness
of these regions is believed to be so small (sgeRef. 28) that they can be considered as opyicall
thin and their contribution to the total incidemidiation on the plate can be neglected. In the bulk
plasma column, we have checked several criterigwaly us to assume LTE: (i) The Griem’'s
criterior® for Boltzmann population of electronic levels) tihe weak difference between electron
temperature, under the acceleration of the elefitfid, and heavy particle temperatifreand, (iii) the
time of LTE settlement that is very small compatethe characteristic time of the electrical pulse.

lonic lines of nitrogen and oxygen are used tordetee radial profiles of temperature and electron
density of the column over time. The pressure @ndlte channel is estimated using the determined
temperature and electron density distribution coetbiwith the air plasma composition at LTE. FiglBe
shows the obtained temperature and pressure difribat different instants, for maximum currents o
50 kA and 100 kA. For a given instant, the tempeeais approximately constant inside the arc channe
and the pressure shows roughly a parabolic shapg #he radial direction. In the channel centeg, th
temperature and pressure reach, respectively, BK4énd 4.5 MPa at 2 ps for 100 kA, and decreases
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over time to approximately 19 000 K and 0.8 MPagafis. For more details of these diagnostics, ditee d
reduction procedures and the results, the intetestalers are referred to Refs. 22 and 27.
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FIG. 13. Temperature and pressure radial distributionglifiéerent times and for
the arcs with 50 kAa-b) and 100 kA maximum curre(-d).

B. Radiative properties

The fundamental spectroscopic data used in thtysite gathered in the HTGR EM2C spectroscopic
database and were partly described in Refs. 3B2ngor the sake of clarity, we briefly recall héne
radiation mechanisms that are accounted for antheuthe extensions made here to cover wider
temperature and pressure ranges.

The spectroscopic database of air plasmas radistes developed first in Refs. 33 and 34. Its
accuracy was demonstrated in the temperature radg@e- 15 000 K and in the wavenumber range
1000 to 150 000 cth The database included atomic bound-bound transitof N, O, N, O" and
molecular bound-bound transitions belonging to Exteonic systems of N(first positive, second
positive, Birge-Hopfield 1, Birge-Hopfield 2, CalirYoshino, Worley-Jenkins, Worley), A (Meinel,
first negative, second negative), N@f, 8, €, v, p’, 11 000 A infrared), and @ Schumann-Runge)
systems. Details about the calculation of linensiges and positions for all rovibronic transitson
belonging to these molecular systems are providdreif. 34. Continuum contributions included N, O,
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N, O, and NO photoionization, Tnd O photodetachment, f/Schumann-Runge) photodissociation
and ion-electron, atom-electron and neutral mokeelgctron Bremsstrahlung.

The database developed in Refs. 33 and 34 hasdx¢emded in Ref. 31 up to 35 000 K by including
bound-bound transitions of specie§ ldnd O from the NIST compilation, the photoionizationf

and O from the TOPBASE databaSé® and the free-free transitions of electron** Ahd electron —
O pairs. The spectral range has been extended 2p0t000 crit. Owing to the temperature levels
reached in the present application (see Fig. 1&),HTGR database was extended in this study and
includes now third ionization stage bound-boundngiions (N** and O™), as well as
photoionization of N and G*. The spectral range was also extended up to 30@®0.

For the calculation of air plasma composition a¢raftal equilibrium, the plasma is assumed to be
initially constituted of a MO,-Ar mixture with 78.46% — 21.05% — 0.49% respectigiomic
concentrations. The species accounted for in commogalculations are N, O, Ar;,eN", N™*, N™*,
N O, O™, O™, O, Ar', Ar'™, Ar™, Ar'™™ N,, N,", O,, NO, and NO. The densities of these
species at equilibrium are directly calculated froheir internal partition functions. Population
densities are obtained by solving a set of equatimmresponding to the conservation of nuclei (N, O
and Ar), to Guldberg-Waage dissociation reactioNg, (O, NO), Saha ionization reactions, the
electrical neutrality, and perfect gas state equatiNote that the gas state equation takes icmuat
Coulombian interactions.

Absorption spectra have been then calculated fr@rspectroscopic data and plasma composition in
the temperature range 300 — 50 000 K and in thespre range 0.01 — 20 MPa with a spectral
increment varying linearly from 0.01 ¢hat 1000 crif to 0.23 crit at 300 000 ci(about 4.18 x 10
spectral points), which enables to correctly déscall absorption line shapes. This set of spectral
absorption coefficients, (T, P) for various temperatures and pressureB at chemical equilibrium
constitutes our reference data base for radiatiaaster calculations. We have checked that the
contribution of minor components like,® and CQ in air, as well as the possible contribution of
carbon originating from the ignition filament, repent less than 5% of the total radiation and,tdue
uncertainties on the initial concentrations of loghn and carbon particles, we have neglected these
contributions.

C. Radiative transfer solver and calculations

The incident radiative flux on the plate has besouwated assuming that the temperature and peessur
fields inside the plasma column are one-dimensi@x&ymmetric fields extending along a finite
lengthH = 120 mm which corresponds to the distance betvwarede and cathode. Taking into
account the column length is necessary as the @timorspectrum of arc channel has non-thick
spectral regions and therefore the entire arc coloamtributes to the incident radiation on the glat
The experimental temperature and pressure radidilgs described above (see Fig. 13) have been
extrapolated up to a radilR = 200 mm, assuming that air outside the arc colisnat room
temperature 300 K and pressure 0.1 MPa, and haee bescretized inton, = 200 uniformly
distributed radial points. The radiative incidelixfhas been calculated from a ray-tracing approach
consisting in generating many rays from each locasilong a radius of the impacted surface. Such a
ray, issued from a radial point and characterized by zenithal and azimuthal aggend @, is shown

in Fig. 14. A uniform discretization éfand® ranges, respectively [@/2] and [0,x], into n, = 20 and

Ny = 100 values, was found accurate enough for piiadithe radial distribution of the incident flux.
For points located close to= R and for the earliest experimental times, only thwections intercept
the arc volume. This may result in a loss of acoyi@n the incident flux but this flux itself tents
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zero. The Radiative Transfer Equation has beemated along each ray, enabling to express the
spectral intensity incoming at each radial pojrdlong the directionf @) and using transmissivities
7, (0, 9), according to:

_[Smex at,(0,s)
Iv(ri,B,CD) = J;) —IS(S)TdS (9)
7,(0,s) = exp <— fskv(s’)ds’> (20)
0

wheres designates the abscissa along the ray and vapies( at point; to Sy, COrresponding to the
intersection of the ray with the boundaries of tleenputational domain (a cylinder of radigsand
heightH); «, (s) andl,’ (s) designate respectively the absorption coefficeamd Planck function at
abscissas and wavenumbew. Integration in Eq. 9 was carried out with a sgatiesolution
s =20 um over which the Planck function is assuc@tstant. The incoming intensity s has been
neglected in this equation. The incoming spectuxl &t pointr; is then calculated from:

. 7 ("
qé(r) =2 J f L, (1;,0,®) cos 8 sin 0 dOd P (11)
6=0/®=0

This spectral incoming flux has been calculatedthen high-resolution wavenumber grid described
above and the total radiative flux is thus obtaibgdntegration over the entire wavenumber range.

z

<>

L

plate
surface

FIG. 14. Ray tracing approach.

Figures 1%a) and 1%c) show the radial distribution of the calculated kin@oming radiative flux for
50 kA and 100 kA, respectively, #te different instants where temperature and predseids were
measured. The figure focuses on the first 30 mm theacenter of the arc, although the distribution
has been obtained up to the radius 200 mm. The incident radiative flux distributsoare strongly
correlated with the temperature profiles shown ig. B3, and also exhibit the arc cooling and the
increasing of the arc radius versus time.
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In Figs. 18b) and 1%d), we present the spectral distributions of thiomig radiative flux at time
14 ps for 50 kA and 100 kA, respectively. Two radiacations are presented, at the arc axis
(r = 0) and at a position close, but outside the@ot radius = 14.5 mm for 50 kA and= 16.5 mm

for 100 kA). The spectrum at the center of thecalamn impact on the plate exhibits a characteristi
behavior of thermal plasma at temperature and pressbout 21 000 K and 1.1 MPa for 50 kA, and
25000 K and 2.5 MPa for 100 kA, with strong cdmition of monatomic ion lines, and strong
continuum contribution due to line overlapping (Bthroadening) and photo-ionization. For the radial
point just outside the arc channel (see Fig. 4) siectral incident flux exhibits a strong absanpty
cold air, in particular the strong absorption dae® Schumann-Runge continuum between 60 000
and 75 000 cihand to the NVUV systems above 100 000 ¢rif
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FIG. 15. Radial distribution of the total radiative inciddlux and spectral distribution of these fluxes
at two radii at 14 pga-b) 50 kA (c-d) 100 KA.

Figure 16 shows finally the temporal evolution lo¢ total radiative flux incident on the whole plate
i.e. integrated on the disc of radigs- 200 mm, for the two current amplitudes.
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FIG 16. Temporal evolution of the total radiative inciddinix for 50 kA (a) and 100 kA(b).

V. Discussion

Based on the heat and energy fluxes estimatedebyntierse method and the calculated radiative flux
obtained in the previous section, we can analyzkdiscuss the energy budget during the arc-plate
interaction, and the role of the three main medmaai the radiative and ion-electron heat fluxesd, an
Joule heating.

The arc channel itself has an important consumptioanergy. From an electrical analysis, we can
obtain the electrical power dissipated inside tteecalumn by Joule heating. The electric power and
the energy dissipated in the arc column are estignasing the current and voltage measurenfénts.
For the cylindrical arc column of 120 mm length audrent waveform of 100 kA peak, the dissipated
energy within the column cumulated in the firstygis around 3100 J.

The volumetric poweP,q. released by Joule heating inside the plate isutkd in each volume
element by solving the Poisson equation (Sec. )llidtegrating this power over the volume and time
we obtain, for the aluminum plate and 100 kA caseenergy of 4.1 J. Also, this total energy release
can be analytically deduced by the expresBjgn. = j*/o., and assuming a radial distribution outside
the arc root radius for the current dengiiypside the material. With this simplification, vabtain a
total energy for the entire current waveform arodn?J for 50 kA and 4 J for 100 kA case. The
electrical conductivities of the studied materiate very high (higher than 18 m), which explain
this small dissipated energy by Joule heating.alt be neglected when compared to the other
mechanisms.

The heating of the plate by the ion-electron hket is generally considered as the main heat tesinsf
mechanism?>%" This heat flux is frequently approximated by theduct between the arc current
density and EVF. Assuming that the EVF is constiaming the arc lifetime, we can obtain the energy
associated to the ion-electron heat flux by integnaof the current density over the plate surfand
over time. This leads to a simple relatiBWF x Q, whereQ is the transferred charge from the arc to
the plate, and is equal to 2.9 C for 50 kA andG.tor 100 kA current waveform. The voltage fall
termEVF is a parameter with significant uncertainty andssumed to be a function of the electrode
material, the plasma composition, €t¢° However, many studies indicate and commonly asshate
EVF can take values in the range of 10 to 25°V2'*2%" Therefore, we can propose a rough
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estimation for the bounds of the energy transfebetn-electron heat flux from 29 to 72 J for 58 k
and from 54 to 135 J for 100 KA.

From the total radiative incident flux presentedhn previous section, we can estimate the radiativ
incident energy from the arc to the plate. Intégoatvith respect to time the results of Fig. 16 and
assuming a linear decrease of the total radiative ffom the last measurement time to 100 us, we
obtain, for 50 kA and 100 kA waveforms, an incideadiative energy of around 250 J and 600 J,
respectively. To obtain the energy that is effad{itransferred to the material, one has to congie
absorption coefficient of the plate, which is agmaeter highly dependent on the surface state and is
probably affected during the arc interaction. Néwaess, for aluminum materials the absorption
coefficient is expected to vary from 0.3 to 0.8,iebhallows us to estimate bounds of the total
radiative energy. Hence, the absorbed radiativeggnean be estimated to vary from 75 to 200 J for
50 kA, and from 180 to 480 J for 100 KA.

Figure 17 shows a diagram illustrating the différdreat fluxes at arc-material interface, the
volumetric power dissipated by Joule heating arddkses at incident and rear surface.

arc channel

P]ouleARC (W/mg)

qi—e [jrad ‘_jloss
air l l T
material l 7
i s )
rear surface l

Eiloss
FIG 17. Diagram of the energy balance at the arc-matigtietface.

The results of the measured transferred energyttandstimated energy presented in Table 11l show
values in accordance with the theoretical estimatidhe transferred energies for 50 kA waveforms
are around 150 J for the different materials antarpees. For the 100 kA waveform, they reach

approximately 330 J for tungsten plates in bottaptiés and similar values for aluminum at negative
polarity. For aluminum in positive polarity the eggis around 300 J.

Analyzing the heat fluxesy; and g, obtained by the inverse method, we could propose a
correspondence with radiative and ion-electron fieaes. We observe that, in generalcould be
associated witlgj while g, is more likely to represent,q. Theoretical estimations show that radiative
flux is more sensitive to the current amplitudenthian-electron heat flux, and from the results
presented in Table Ill, we observe tBaincreases more with the current tHan Also, by examining

the values of thex coefficients and the spatial distribution of egmtofile, we observe a good
correlation between, andq.,y. Different materials should not have a strong ot g,.q, however

this should have an influence gn., since the EVF is a function of the surface terapge and the
work function”**° This material dependency is not clearly obsenssithere is not significant
modification on calculated values for different erédls. Therefore, this correspondence cannot be
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considered as fully corroborated by the obtainexliite. Nevertheless, let us recall that the total
transferred energy is well predicted by the estmiatumE; + E, when compared to the measured
value4E.

All the energies discussed above are summarizdélite 1V. The highest energy listed is the Joule

heating released in the arc column. This energdissipated mainly in the air plasma heating,

the column expansion, the induced shock wave aaedatiative losses. As discussed above, Joule
heating in the plate is negligible compared to o#reergy sources. Contrary to the assumption ¢hat i

usually accepted regarding the plasma-material agdy, the radiative flux appears to be at least of
the same order of magnitude as the ion-electronfhe@and could be much higher than this last one.
This result shows that the radiative flux is a venportant mechanism in the energy balance at the
plasma-material interface and can be the main psoitethe thermal constraint imposed to the plate
for high current arcs.

TABLE IV. Estimated energy balance for different arc/plateraction mechanisms.

Source Mechanisms ApprOX|m.ate Approximate Values (J)
expression
50 kA 100 kA
Joule heating — arc column f Varclarcdt 1800 3100
t
Joule heating — aluminum ffj—dedt 12 4
plate JJ '
Energy from ionelectron hez EVF x O 29 _ 72 54_ 135
flux
Energy from radiative flux f f GraqdSdt 75 — 200 180 — 480
t S
Estimated transferred energy JE 133 — 195 300 — 360
from IRT
Transferred energy from E+E 112 — 154 251 — 348
1 2 - -

inverse method

VI. Conclusion

In this work we have studied the energy exchangenguhe interaction between a pulsed lightning
arc and a metallic plate. An experimental parametiidy on plate material, thickness, current peak
level and arc polarity, is carried out using IRTassess the rear surface temperature distributien o
time. Eighteen configurations are tested and amdlygxaminations after test on the damage caused at
the attachment point are done. These analyses ghtyatthe damage spot are mostly circular, with a
small inhomogeneity streak for aluminum and titamicases at 100 kA, which are probably related to
the ignition phase.

An inverse method is used to estimate the incidknt based on the rear surface temperature
measurements. The direct problem was numericallyedaaking into account heat conduction and
Joule heating. It showed that two different flux@e needed to accurately adjust the measured data.
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Good agreement was observed between the measuwlechbulated temperature profiles, and also
between the measured energy transferred to the quhat the energy provided by the estimated flux. A
transferred energy of around 150 J is observedn®r50 kA current waveforms, and is higher than
300 J for the 100 KA arcs.

A model for the radiative exchange between thechannel and the plate surface is developed using a
ray tracing method and a line by line approach large spectral range. Computations are performed
using experimental distributions of temperature anessure inside the channel and a reliable and
exhaustive spectroscopic database.

The main mechanisms, responsible for the arc-pla¢egy exchange, are estimated and discussed. For
the studied metallic plates, the Joule heating dgligible compared to the incident fluxes. The
radiative flux, which is normally neglected for lcand moderate current applications, appears to be
higher than the ion-electron heat flux for thesks@ad high current arcs.
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