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The work is devoted to numerical study on thermal radiation in spark discharge. The influence of radiative
thermal conductivity on the expansion of the spark channel has been established. The study of the effect of value of
the capacitance of the discharge capacitor on the energy emitted by the discharge has been carried out. The change
in the thermodynamic state of the gas in the spark channel is considered taking into account following factors:
change in the capacitance of the discharge capacitor, the length of the discharge gap and the initial gas pressure.
The influence of the initial gas pressure and the gap length on the parameters of thermal radiation of a gas under
conditions of a constant breakdown voltage supplied to the spark gap is investigated.

PACS: 52.80.Mg

INTRODUCTION

As a source of thermal radiation, a high-current
spark discharge is used in various processes. For exam-
ple, a spark discharge is used for pulsed photolysis and
ultrafast photography. Also, a spark discharge is ap-
plied to simulate high-temperature radiation-
gasdynamic phenomena and in brightness standards.

It is known that during the discharge of a capacitor
through the spark gap, only a part of the discharge en-
ergy is released in the gas-discharge channel [1]. The
energy released at the spark gap is distributed into ther-
mal energy, kinetic energy of the gas flow, absorbed by
dissociation and ionization processes, and part of the
energy is emitted by electromagnetic radiation. As a
result, only part of the discharge energy is radiated. It is
of interest to establish the influence of the initial condi-
tions of the discharge and the parameters of the dis-
charge circuit on the efficiency of thermal radiation of
the spark channel.

The study of the thermal radiation of the spark
channel is presented in [2], where the dependence of
the effective radiation temperature on the discharge
time is established. Experimental confirmation of the
influence of the initial gas pressure on the brightness of
the spark discharge radiation was made in [3]. In [4],
the influence of the gas type (Xe, Kr, Ar, air, N2, Ne,
and He) on the limiting gas temperature which leads to
saturation of the radiation brightness was investigated.
In a number of works, the influence of the length of the
spark gap on the energy input into the spark channel
was also established. And in the works [5, 6] the influ-
ence of the parameters of the electric discharge circuit
on the efficiency of energy input into the spark channel
was shown.

Numerical models have been developed to study the
development of a spark channel during its expansion [7
-13]. The known models take into account the processes
of gas-dynamic expansion of the spark channel, non-
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equilibrium chemical reactions, ionization, thermal
conductivity, and radiation. Among mentioned models,
there are models [2 - 4], which take into account radia-
tive heat conductivity. But the contribution of radiative
thermal conductivity to the expansion of the spark
channel was not considered in these works.

The current study is carried out using the developed
numerical model of the spark channel expansion [14 -
16]. In earlier works, the model was validated in the
range of spark discharge energies from tens of micro-
joules to hundreds of joules. Additionally, among other
influences, the influence of discharge conditions on the
process of thermal radiation by a spark channel was
studied in these works. Due to the fact that such studies
have been published in different works, a comprehen-
sive understanding of the process of thermal radiation
in a spark channel is shown in this work.

NUMERICAL MODEL
OF SPARK CHANNEL EXPANSION

The Euler's equations of gas-dynamics for one-
dimensional problems endowed with cylindrical sym-
metry was solved for the multicomponent chemically
reactive gas mixture (molecular and atomic nitrogen).
Taking into account that the model was described pre-
viously in works [14 - 16], we give equations in this
work that connected with radiative process only. So,
this process is considered by equation
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where p is the gas density; u is the velocity, p is the
pressure, € is the specific internal energy of the gas, kr
is the thermal conductivity, £ is the electric field
strength, ¢ is the electrical conductivity of the gas, W,

is the radiative loss, r is the radial coordinate, ¢ is the
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time, 7T is the gas temperature.
The radiative loss was calculated using the expres-
sion
I/Vem = c$SBT4 /ZR H (2)
where ogp is the Stefan—Boltzmann constant, /; is the
Rosseland mean free path. The equation (2) was ap-
plied when the gas temperature exceeds 8.000 K.
In the model the heat conductivity coefficient was
calculated using the expression of
kr = ke/ +krad ’ (3)
where £, is a coefficient of electronic heat conductivity;
k..q 1s a coefficient of radiative heat conductivity.
The coefficient k., of radiative heat conductivity
was calculated using the expression of

kit = ?GSBT3ZR . “4)

The numerical model (1-20) can be applied when
gas-dynamic pressure exceeds the magnetic pressure by
an order of magnitude. Description of the simulation
procedure is presented in works [15, 16].

The gradients of thermodynamic gas parameters are
assumed to be absent for the spark channel axis. It is
assumed that initial conditions have no gas dynamic
perturbations in the entire computation region.

The validation of the model for thermal radiation of
spark discharge is done in [14].

INFLUENCE OF RADIATIVE THERMAL
CONDUCTIVITY ON SPARK EXPANSION

To carry out these studies, the calculation of the
change in the temperature and density distribution
along the radial coordinate of the spark channel was
carried out under conditions when radiative thermal
conductivity is included and excluded. Thus, the heat
conductivity coefficient was represented by an equation
in the form k. = k,; + k.,q or k. = k.

The results of calculating the distribution of the
thermodynamic parameters of the gas in the spark dis-
charge for a channel expansion time of 30 and 100 ns
and for the discharge of a capacitor with a capacitance
of C =1 uF charged at a voltage of 30 kV over a gap
length of 10 mm are shown in Fig. 1. In both simula-
tion variants, it was assumed that the inductance of the
discharge circuit is L = 2 pH, and the resistance of the
electric circuit is R, = 0.3 Q. The calculation was car-
ried out for a discharge in nitrogen at an initial gas
temperature 7, = 300 K and an initial gas pressure py =
101.4 kPa. To form a conductive channel, during 10 ns
the energy equal to 22 mJ was deposited into the com-
putational domain with a radius of 0.1 mm.
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Fig. 1. Distribution of gas temperature and density
along the radial coordinate for a time of 30 and 100
ns: 1 — excluding radiative thermal conductivity,

2 — including radiative heat conductivity

According to the simulation results, it was found
that if the radiative thermal conductivity is not taken
into account, then during 100 ns, 135 mJ energy is in-
troduced into the spark channel, and due to electro-
magnetic radiation, 35 mJ leaves the discharge. If ra-
diative thermal conductivity is taken into account, an
energy of 215 mJ is introduced into the spark channel
for a time of 100 ns, and 1.8 mJ leaves with radiation.

From the presented research result follows that if
the radiative thermal conductivity is not taken into ac-
count, the gas temperature would rises in the spark dis-
charge up to values that not correspond to the of ex-
perimental studies results. For example, in calculations,
for a time of 100 ns, the gas temperature exceeds
100.000 K. It is observed, on the other hand, that when
radiative thermal conductivity is taken into account, the
expansion rate of the spark channel increases. As a
result of this expansion, there is a decrease in the gas
temperature reached in the discharge. In the presented
calculation, where radiative thermal conductivity was
taken into account, the gas temperature for a time of
100 ns does not exceed 23.400 K. Thus, the intensive
expansion of the high-temperature region of the spark
channel is provided not only as a result of gas-dynamic
processes, but also due to radiative thermal conductiv-
ity.

INFLUENCE OF THE CAPACITOR
CAPACITANCE ON THE EMITTED ENERGY

This study was carried out for the discharge across a
spark gap with a length of /;, = 10 mm using capacitors
of different capacitances. In the calculations, the ca-
pacitance C of the capacitor was 0.01, 0.05, 0.1, 0.5,
and 1 pF. The capacitor charge was equal to U, = 30
kV. Thus, the total discharge energy varied in the range
from 4.5 to 450 J. The other parameters of the electric
circuit did not change. Thus, the resistance of the dis-
charge circuit was R. = 0.3 Q, the inductance of the
circuit was L = 2 pH. Nitrogen was considered as a
working gas at an initial temperature of 7, = 300 K and
an initial gas pressure py = 101.4 kPa. To form a con-
ductive channel, an energy of 22 mJ was deposited into
the computational domain with a radius of 0.1 mm for
10 ns.

Calculation results of the energy Q,,, emitted by the
spark discharge as function of time for different capaci-
tance of the capacitor are shown in Fig. 2.
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Fig. 2. Time dependence of the energy emitted
by the spark discharge for different capacitances
of the discharge capacitor

As it can be seen from the obtained result, in the
case of an increase in the capacitance of the capacitor
there is an increase in the energy emitted by the spark
discharge for the same spark development time. We
also observe that in the initial period of the spark chan-
nel expansion (from 0 to 300...500 ns), a small amount
of energy leaves with radiation. This is due to the small
volume of gas that radiates in the spark discharge for a
given period of time.

Let’s estimate instantaneous efficiency m,,, of ther-
mal radiation using the following equation

20,,,(1)
==rdx’.100% . 5
nmd CUg 0 ( )
Calculation results for instantaneous efficiency of
thermal radiation and different capacitor capacitances
is shown in Fig. 3.
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Fig. 3. Instantaneous efficiency of thermal radiation
for different capacitances of the discharge capacitor

It can be seen from the obtained results, that in the
case of an increase in the capacitance of the capacitor,
the instantaneous efficiency of thermal radiation de-
creases. In particular, when the capacitance is C =
1 uF, we have #,,s = 0.82% for the time ¢ = 10 ps, and
when the capacitance is C = 0.01 uF, we have #,,4 =
5.8%. It should be noted that at a fixed time there is a
difference in the share of energy released during the
discharge for different capacitances. In particular, ac-
cording to the results of calculations at C = 0.01 pF for
a time of 10 ps, about 97 % of the total energy of the
discharge is released in the discharge on the resistance
of the electric circuit and the spark channel. With a
capacitance C = 1 uF for a time of 10 ps, about 77% of
the total energy is released in the discharge. Therefore,
the total efficiency of thermal radiation may differ from
the instantaneous efficiency.

Since the radiated energy is only a part of the en-
ergy deposited into the spark channel, the dependence
of the energy deposited into the discharge on the ca-
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pacitance of the discharge capacitor was investigated.
The change in the energy released into the discharge
versus the discharge time was calculated using the
equation.

Oup =1, H E*c2nrdrdt . (6)

The results of calculating the energy Oy, intro-
duced into the discharge as function of the discharge
time are shown in Fig. 4. We observe that an increase
in the capacitance of the capacitor leads to an increase
in the energy released into the spark channel. For ex-
ample, for a time of 10 ps, Oy, = 23.9 J of energy was
deposited into the spark discharge at a capacitance of C
=1 uF, that is 5.3% of the total discharge energy. And
with a capacitance C = 0.01 pF, Qg, = 2.55 J is re-
leased for 10 ps, that is 56.6% of the total discharge
energy. It should be noted that the decrease in the effi-
ciency of energy deposition into the spark discharge in
the case of an increase in the capacitance of the dis-
charge capacitor was experimentally confirmed in [17].

30 T T T T

Deposited energy [J]

Time [ps]
Fig. 4. Dependence of the energy introduced into
the spark channel on the discharge time at different
capacitances of the discharge capacitor

From the results of comparing the curves of the ra-
diated energy (see Fig. 2) and the corresponding curves
of the deposited energy (see Fig. 4), we can conclude
that the radiated energy does not linearly depend on the
energy released into the spark channel.

To establish the relationship between the deposited
energy and the radiated energy at the given time, it was
calculated relative efficiency 0, of the thermal radia-
tion

Nyt =%100%. (7

dep

Calculation results for relative efficiency are shown
in Fig. 5.

It is observed that during the development of the
discharge, the share of the radiated energy in the total
energy released in the spark channel at the current time
increases. Moreover, with an increase in the capaci-
tance of the capacitor, the relative efficiency increases
to large values. It was found out that at the initial pe-
riod of the discharge development, the relative effi-
ciency for the same time interval practically coincides
for different capacitor capacitances. This coincidence
takes place for capacitance C = 0.01 pF and capaci-
tance C = 1 pF in the time interval from 0 to 400 ns.
For capacitors of C = 0.5 and 1 pF, there is a coinci-
dence for 3.5 ps.
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Fig. 5. Dependence of relative efficiency of the thermal
radiation from time at different capacitances
of the discharge capacitor

To understand the processes that lead to a change in
the energy emitted by the spark discharge at different
capacitances of the discharge capacitor, we considered
the change in the thermodynamic state of the gas in the
spark channel. The results of calculating the distribu-
tion of gas pressure and temperature for different times
along the radial coordinate of the spark channel in the
case of capacitor capacitances equal to C = 0.1 and 1
uF are shown in Figs. 6, 7.
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Fig. 6. Distributions of pressure and temperature
as function of time, along the radial coordinate

of the spark channel when C = 0.1 uF

1ps
E 1ps

&

4r 420 F -
% 2 s % 2 us
g g Jus
éz— 5us JEwF 10 us .

10 ps =
"1 i .
1] 5 10 15 1] 5 10 15

Radial coordinate [mm]
Fig. 7. Distributions of pressure and temperature
as function of time, along the radial coordinate
of the spark channel when C = 1 uF

As a result of comparing the distributions of the
thermodynamic parameters of the gas, it can be con-
cluded that in the case of an increase in the capacitance
of the capacitor, the temperature increases, which is
reached in the spark discharge for the same time. For
example, for a time of 1 ps at C = 0.1 pF, the maxi-
mum gas temperature is 19.000 K, and at C = 1 pF,
there is a temperature of 22.300 K. An increase in the
capacitance of the capacitor also leads to an increase in
the expansion rate of the spark channel. For example,
for a time of 10 ps at C = 0.1 pF, the radius of the con-
ductive (emitting) spark channel reaches 8 mm, and at
C =1 pF, this radius is 12 mm. As a result of an in-
crease in the volume and temperature of the emitting
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gas in the spark channel, the energy emitted by the dis-
charge increases.

A decrease in the energy input into the spark chan-
nel in the case of an increase in capacitance is associ-
ated with a change in the balance of energy release in
the spark gap and the resistance of the electrical circuit.
Therefore, the study of the effect of the capacitance of
the discharge capacitor on the change of the resistance
of the spark channel that is changed in time was carried
out. The results of calculating the change in the resis-
tance of the spark channel are shown in Fig. 8. For
further comparison, Fig. 8 also shows a line reflecting
the resistance of the electrical circuit equal to 0.3 Q. It
is observed that only when a capacitor with a capaci-
tance of 0.01 uF is discharged, the spark resistance is
practically equal to the resistance of the discharge elec-
tric circuit. In this case, 50% of the total discharge en-
ergy is released in the spark channel. Therefore, with a
decrease in the resistance of the spark channel, which
arises in the case of an increase in the capacitance of
the capacitor, it leads to a decrease in the share of the
energy released in the spark channel from the total dis-
charge energy.

10 T T

Resistaence [£2]

Time [ps]
Fig. 8. Change in the resistance of the spark channel
as function of time at different capacitances
of the discharge capacitor

Let us analyse the relationship between the dis-
charge current and the energy introduced into the spark
channel and the radiated energy. The discharge current
arising in an electric circuit with a different capacitance
that is shown in Fig. 9. Comparison of the time varia-
tion of the change in the discharge current from the
radiated energy (see Fig. 2) and input energy (see Fig.
4) shows that current pulses are more influenced on the
energy input into the discharge than on the radiated
energy. In particular, when the current values pass
through zero, the termination of energy input into the
discharge channel is observed, and at the maximum
current we observe a maximum of the energy input
power (see Fig. 4).

20 T T T T

Current [l4]

Time [ps]
Fig. 9. Discharge current in electrical circuit
with a different capacitance of the capacitor
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But current fluctuations have less effect on the emit-
ted energy (see Fig. 2) due to the fact that thermal ra-
diation is determined by the current size and thermody-
namic state of the emitted gas. And thermogasdynamics
processes, under the influence of which there is a
change in the size of the radiation region and the gas
temperature, are more inert than processes in the elec-
tric circuit.

INFLUENCE OF PRESSURE AND GAP
LENGTH ON THERMAL EMISSION

Let’s consider the situation when the parameters of
the energy source do not change, but the parameters of
the load change. Thus, we have unchanged parameters
of the electrical circuit (R, L, C) and unchanged capaci-
tor charge voltage in this case. A change in the load
parameters means a change in the length of the dis-
charge gap and the initial pressure of the working gas.
We assume that a uniform electric field is created in the
discharge gap due to the shape of the electrodes. Then
the dependence of the gap breakdown voltage on the
gap length [, and the initial gas pressure p, is repre-
sented by Paschen's law in the form

Ubr ~ polsp . (8)

Let’s assume that the breakdown of the gas gap oc-
curs under a voltage equal to the voltage of the capaci-
tor charge. Then a fixed voltage of the capacitor charge
in the discharge circuit occurs if the increase in gas
pressure in the discharge gap is compensated by a di-
rectly proportional decrease in the length of the dis-
charge gap, and vice versa.

A numerical study was carried out for an electrical
circuit of the following parameters. The capacitance of
the capacitor was C = 0.05 pF, the resistance of the
discharge circuit was R, = 0.3 Q, and the inductance of
the circuit was L = 2 pH. The capacitor charge voltage
was Uy = 30 kV. As a working gas it was considered a
nitrogen at an initial temperature 7, = 300 K. In the
first calculation variant of this study, it was assumed
that the initial gas pressure is po = 101.4 kPa, and the
length of the gap is /;,,= 10 mm. At the second variant
of the study, it was assumed that the initial gas pressure
is po = 202.8 kPa, and the gap length is /;,= 5 mm.

The results of calculating the energy emitted by the
spark discharge at different load parameters are shown
in Fig. 10.

)
T

Radiated energy [J]

Time [ws]

Fig. 10. Time dependence of the energy emitted
by the spark discharge for different spark load

It could be find out from the obtained calculation
results that an increase in the length of the discharge
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gap under conditions of a directly proportional decrease
in the working gas pressure leads to a decrease in the
radiated energy. This result shows that a change in the
length of the spark gap affects the change in the radi-
ated energy more intensively than a change in the pres-
sure of the working gas.

According to research presented in the work [6], the
energy deposited into the spark discharge, as a rule, is
directly proportional to the length of the spark gap.
According to the research [16], an increase in the ini-
tial gas pressure in two times at an unchanged initial
gas temperature leads to an increase in the energy de-
posited into the spark discharge by no more than 1.2
times. Hence, when the length of the gap is reduced by
2 times and the gas pressure is increased by 2 times, the
introduced energy decreases by 2/1.17 = 1.71 times.
According to the results of calculations, it was obtained
that for a time of 10 pus at py= 101.4 kPa and /[, =
10 mm, an energy of 17.76 J is introduced into the
spark channel, where 2.43 J of this energy is consumed
for radiation. And at py = 202.8 kPa and /;, = 5 mm for a
time of 10 ps, an energy of 10.06 J is input into the spark
channel, where 1.77 J of this energy is consumed for radia-
tion. Thus, there are changes in the input energy of
17.76/10.06 = 1.76 times. At the same time, in the variants
of the study for a 10 us (see Fig. 10), we have a change in
the radiated energy 2.43/1.77 = 1.37 times. Such a devia-
tion of the multiplicity of the change in the emitted
energy from the multiplicity of the change in the input
energy is explained by the increase in the share of the
emitted energy under conditions of increasing gas pres-
sure.

In addition to the radiated energy, an important
characteristic of a spark light source is the power of
thermal radiation from a unit surface. The calculation
of the power of thermal radiation was carried out rela-
tive to the surface of the current-conducting channel of
the spark by the expression

ded
- )

The results of calculating the change in radiative
power as function of time for mentioned calculation
projects are shown in Fig. 11.

VVsuf = 27[’1'/11.91)

101

Radiative power [Wim?]

Time [ps]

Fig. 11. The power of thermal radiation
from a unit of surface in calculating variants

It should be mentioned that in the case of an in-
crease in the gas pressure under conditions of a directly
proportional decrease in the gap length, the radiative
power increases for the same discharge time. In par-
ticular, for a time of 1 ps at py = 202.8 kPa and [, = 5
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mm we have W, = 6.805-10° W/m®, and at p, = 101.4
kPa and I, = 10 mm we have W, = 3.55-10° W/m’.
We observe a 1.9-times change in radiative power. This
effect is explained by the fact that although a reduction
in the gap length leads to a decrease in the radiated
energy (see Fig. 10), such a reduction in the length also
leads to a decrease in the radiation surface area.

CONCLUSIONS

It was established that radiative thermal conductiv-
ity together with the gasdynamic process are the main
factors leading to the expansion of the high-
temperature region of the spark channel. It was found
that an increase in the total discharge energy due to
increase in the capacitance does not lead to a directly
proportional increase in the emitted energy at a fixed
time of the spark discharge development. It was estab-
lished that the decrease in instantaneous efficiency of
thermal radiation is caused by a decrease in the effi-
ciency of energy input into the spark discharge. A
change in the gap length affects the change in the radi-
ated energy more intensively than a change in the gas
pressure. It was found out that in the case of an in-
crease in the gas pressure under conditions of a directly
proportional decrease in the gap length, the radiative
power increases for the same discharge time.
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TEIIJIOBOE U3JTYYEHHUE B NICKPOBOM PA3PAE

K. Kopvimuenxo, E. Iloknonckuii, /]. Camoiinenxo, /. Bunnukos, P. Menewenko, K. Ocmanoe

Pabora MOCBAIIIECHA YHCICHHOMY HCCICAOBAHUIO TCIUIOBOIO0 M3JTYYCHHA B HCKPOBOM paspsnac. YcraHoBieHO
BJINSITHUC J'Iy‘IPICTOﬁ TEIJIONPOBOAHOCTH Ha PACHIMPEHHUE MCKPOBOI'O KaHaJa. HpOBe}leHO HCCIICAOBAHUEC BIIMAHUSA BC-
JIMYUHBI €EMKOCTHU Pa3psAaAHOIO KOHACHCATOpa Ha 3HCPTHUIO, U3TTYHaCMYIO pa3psAaa0M. PaCCMOTpeHO HU3MCHCHUC TCP-
MOIUHAMHYCCKOI'0O COCTOSHUA ra3a B UICKPOBOM KaHaJIC € YUCTOM CJIICAYIONIUX (baKTOpOBI N3MCHCHUA €MKOCTHU pas-
PAAHOIO0 KOHACHCATOPA, NJJIMHBI pa3psAJHOro MpoMeEKyTKa U Ha4aJIbHOI'O JIaBJICHUA Ira3a. I/I3yquO BJIMSIHUC Ha4dallb-
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HOTO JIaBJIEHUS raza U JUIMHBI IPOMEXKYTKAa Ha HapaMeTphl TEIUIOBOIO M3IYYEHHs Ta3a B YCIOBUSAX IOCTOSIHHOTO
HAaIpsDKEHUS MPo00si HICKPOBOTO POMEKYTKA.

TEIIJIOBE BUITPOMIHIOBAHH# B ICKPOBOMY PO3PS I
K. Kopumuenko, €. Iloknoncovkuii, /l. Camoiinenko, /l. Binnixos, P. Menewenko, K. Ocmanos

PoGota npucBsiueHa YHCeNTFHOMY JIOCIIPKEHHIO TETUIOBOTO BUTIPOMIHIOBAaHHS B iICKpOBOMY po3psizi. BeraHosie-
HO BIUTMB NPOMEHHCTOI TEIUIONPOBIAHOCTI Ha PO3LIMPEHHS iCKpPOBOro KaHaiy. [IpoBeneHO JOCHiPKEHHS BIUIUBY
BEJIMYMHHA €MHOCTI PO3PSTHOTO KOHAEHCATOpA Ha EHEPrio, 0 BUMPOMIHIOETHCS po3psioM. Po3risiHyTo 3MiHy Tep-
MOJIMHAMIYHOT'0 CTaHy ra3y B iCKpOBOMY KaHajli 3 ypaxyBaHHSIM HAacCTYIHHX (DakTOpiB: 3MiHHU €MHOCTI PO3PSIHOTO
KOHZIGHCATOpa, JOBXXWHH PO3PSAHOIO MPOMIXKKY 1 IT0YaTKOBOTO THUCKY Ta3y. BHBUYEHO BIUIMB MOYaTKOBOTO THCKY
rasy i JIOBXXHHHU MPOMDXKKY Ha MapaMeTpy TEIJIOBOrO BUIIPOMIHIOBAHHS ra3y B YMOBax IOCTIHHOI Hanpyru mpoOoro
ICKPOBOT'O TIPOM1KKY.
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