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NUMERICAL SIMULATION OF GAP LENGTH INFLUENCE ON ENERGY
DEPOSITION IN SPARK DISCHARGE

The aim of the work is to study the influence of the length of the spark gap on energy input into the discharge channel during its
gas-dynamic expansion. Methodology. The research is carried out by numerical modeling of the process of spark discharge
development at variable values of the discharge gap length and at invariable other discharge conditions. The length of the gap
was set in the range from 1 mm to 20 mm. The study was conducted using a numerical model of spark development, which takes
into account the processes of nonstationary gas-dynamic expansion of the spark channel, the transient process in the electric
circuit, nonequilibrium chemical processes, gas ionization, heat transfer and electrons thermal conductivity. The simulation
was performed in atmospheric pressure nitrogen. The calculation was performed for various parameters of the RLC circuit,
such as capacitance, inductance, resistance and voltage across the capacitor. Results. The study evaluates the influence of the
spark length on the discharge current, the resistance of the spark channel, the energy deposited in the spark channel, and the
distribution of thermodynamic parameters of the gas during the development of the spark discharge. It is confirmed that
increasing the length of the gap increases the resistance of the spark. The deviation from the linear relationship between the
deposited energy or the radiated energy and the length of the spark gap is estimated. Scientific novelty. A linear relationship
between the gap length and the deposited energy is revealed when the total energy is above tens of Joules. Deviations from the
linear dependence were detected in the discharge circuit when the total energy is below one of Joules. Practical value. The
research results allow predicting the effect of the spark gap length on the energy input into the discharge channel under
conditions of a slight change in the discharge current. In the conditions of essential change of amplitude of discharge current it
is expedient to apply numerical researches for specification of changes in the energy deposited into a spark discharge.
References 31, table 1, figures 13.
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Memoro pobomu € 00cniodHcenHs: GNAUBY DOBICUHU ICKPOBO2O NPOMIJICKY HA 66e0eHHs eHepeii 6 po3pAOHUL KAHAL Ni0 4dc 1020
2az00unamiynoz20 posuupenns. Memoouka. [ocniodcenns 30iUCHEHO WIAAXOM HUCENbHO20 MOOENO8AHHA NPOYecy pPO36UMKY
iCKp0o68020 pO3psA0Y 30 GIOMIHHUX 3HAUEHb OOBMHCUHU POIPAOHO20 NPOMINCKY MdA 3G He3MIHHUX THWUX YMO8 po3pady. [Josxcuna
NpOMINCKY 3a0aganace 6 mexcax 6i0 1 mm 0o 20 mm. JJocnioscenns npogedeHo 3 UKOPUCHAHHAM YUCENbHOI MOOeNi PO3GUMKY
ickpu, w0 6paxoeye npoyecu HeCmayioHapHo20 2a300UHAMIYHO20 PO3UIUPEHHs ICKPOBO20 KAHANY, nepexioHuli npoyec 6
eNeKMPUUHOMY KO, HepIBHOBAJCHI XiMiuHi npoyeci, IOHI3ayito eazy, Meni00OMiH SUNPOMIHIOBAHHAM MdA eNeKMPOHHOIO
mennonposionicmro. Moodenosanna 30ilicHioganoce y aszomi ammocgeprozo mucky. Pospaxynox npoeoouscs 0aa pizuux
napamempie RLC kona, maxux AK €MHicmb, [HOYKMugHicms, onip i Hanpyea Ha emuocmi. Pesynemamu. B pesyrvmami
00CHI0JCEHHs. OYIHEHO BNIUE O0BIICUHU ICKPOBO2O HA PO3PSAOHULL CIPYM, ORIP ICKPOBO2O KAHANLY, €Hepailo, W0 GUOLIAEMbCS 6
iCKpOBOMY KaHai, ma po3noodii MepMOOUHAMIYHUX NAPAMEmMPI8 2a3y nid Yac po3eumKy icKpogo2o po3psdy. I[liomeepodcerno, wo
30IMbUIEHHS O0BHCUHU RPOMINCKY 30inbutye onip ickpu. OyineHo 8IOXUNeHHs 810 NIHIUHO20 CHIGBIOHOUEHHS MIJIC eHep2Iiel0, o
BUOLNIAEMbCS, ADO eHepP2icio, WO SUNPOMIHIOEMbCS, MA O0B8ICUHOI ICKP0B8020 npomidxcky. Haykoea nosusna. Y pospsonomy xoui
i3 HAKONUYEHOI0 eHepP2ieI0 NOHAOD 0eCAMKU 0XHCOVIIB BUABNEHO JIHILIHY 3ANEHCHICIb MIHC 00BICUHOTIO NPOMINCKY MA eHepeicio, o
8UOINAEMBCA Y HbOMY. Y pO3pAOHOMY KOZi i3 HAKONUYEHOIO eHepeicio 00 00HO020 OXMCOYAA BUABNEHO GIOXUNEHHA B8I0 NiMIUHOT
sanexucnocmi. Ilpakmuune 3nauenmns. Pe3ynemamu Oocniodcenb 00360JA10Mb NPOSHO3Y8AMU 6HAUE OO0BXHCUHU ICKPOBO2O
NPOMINCKY HA 86€0eHHs eHepaii 8 PO3PAOHULL KAHAN 8 YMOBAX He3HAYHOI 3MIHU PO3PAOH020 cmpymy. B ymoeax cymmeeoi sminu
amMnaimyou po3psioHo20 CMpPYMy OOYIIbHO 3ACMOCO8Y8AMU YUCETbHI 0CHIONCEHH s OISl YMOUHEHHs. 3MIH @ eHepeli, uo 6600UmbCs
6 ickposuii pospsad. bi6mn. 31, Tabun. 1, puc. 13.

Knrouosi cnosa: ickpoBuii po3psiji, BBeJleHHs eHeprii, BIVIMB J0BKHHU NPOMIKKY.

Introduction. Spark discharge is used in various
devices where the length of the spark gap can vary in a
wide range. The variation of the spark gap length results
in the change of the spark channel resistance and it affects
the discharge current. Finally, a change in the length of
the spark gap leads to a change in the energy deposited in
the spark discharge.

Resistance of an electrical conductor of a uniform
cross section and conductivity is directly proportional to a
length of the conductor. Therefore, an increase in the
length of the electrical load leads to a linear rise in energy
released in the load when a discharge current is the same.
If the resistance of the discharge circuit significantly
exceeds the resistance of the load, a change in the length
of the load practically does not affect the discharge
current. Thus, in a first approximation, there is a linear
relationship between the load length and the energy

released in the load when the mentioned conditions take
place. But the spark channel is an electrical conductor in
which the cross section and conductivity change during
the expansion of the spark channel. The discharge current
determines the process of the spark channel expansion
and, accordingly, affects the distribution of gas
conductivity over the cross section of the spark channel.
At the same time, the development of the discharge
current depends on the resistance of the spark channel. As
a result, the energy deposited into the spark channel
deviates from a linear dependence on the spark gap
length.

The study of the influence of the gap length on the
deposited energy is important from a practical point of
view. This is because spark energy affects the reliability
of combustible mixtures ignition [1]. The energy of a
spark discharge affects the detonation initiation process in
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a detonation devises such as a pulse detonation engine
and a pulse compression detonation gun [2-4]. The energy
deposited into the spark channel has an impact on the
period of the recovery of the dielectric strength of spark
switches [5]. In nanoparticle generators, a change in the
length of the discharge gap leads to a redistribution of the
energy balance between the energy deposited in a gas-
discharge channel and the energy loss at near-electrode
regions [6]. This redistribution influences the efficiency
of nanoparticle generation. The energy balance in the
spark discharge also affects the energy efficiency of
electrical discharge machining [7].

The energy deposition in a spark discharge with
varied gap lengths was investigated experimentally in the
work [8]. The authors measured the voltage across the
spark gap with varied gap lengths to extract a voltage
drop across the gas-discharge channel and a sum of
cathode and anode voltage drops. So, it was assumed the
voltage drop across the gas-discharge channel is directly
proportional to the length of the spark gap. And the sum
of cathode and anode voltage drops and electric field
strength in the gas-discharge channel depend on a
discharge time only. The voltage across the spark gap
with varied gap lengths was measured at the different
discharge time. Then the voltages were compared at the
same discharge time to extract the voltage drop across the
gas-discharge channel and the sum of cathode and anode
voltage drops. Such comparisons were made at the
different discharge time. Then the history of the voltage
drop across the gas-discharge channel was found out. It
allowed dividing the energy deposited in the spark gap
into energy deposited in the spark channel and the energy
deposited at the cathode and anode regions.

It has to note that an assumption of direct
proportionality between the spark gap length and the
energy deposited in the spark channel is correct if the
discharge current does not change when the gap length is
varied. But an increase in the spark gap length leads to a
rise in the resistance of the discharge channel, and it
decreases the discharge current, respectively. As a rule,
the resistance of the spark channel is significantly lower
than total impedance of the electric discharge circuit.
Therefore, a change in spark resistance caused by a
change in the gap length affects the discharge current
slightly. Nevertheless, this effect occurs and it requires an
evaluation.

An experimental study of the gap length influence
on the energy deposition in a spark discharge was made in
work [9]. The total energy of the spark discharge ranged
from 25 to 45 mJ. The deposited energy was measured
using a calorimetric technique. It was found out that an
increase in the length of the discharge gap leads to growth
in the energy deposited in the spark discharge. And it was
evaluated that the increase in the deposited energy
deviates from directly proportional dependence on the gap
length. But measuring accuracy of the calorimetric
technique did not allow updating the dependence of the
deposited energy on the gap length.

The energy deposition in the spark discharge was
investigated in works [2, 10] by damping factors
comparison of a short circuit current with the discharge
current when a gas-filled spark gap is used as a load. So,

the resistance of the electrical circuit was calculated from
a damping factor of a short circuit current. A series
connection of the spark gap with the electrical circuit
leads to an increase in a resistance of the discharge
circuit, and it influences on the damping factor of
discharge current. Thus, the resistance calculated from the
damping factor when spark gap is connected equals the
sum of the circuit resistance and an average spark
resistance. It allowed evaluating the average spark
resistance then. And the deposited energy was found out
by integration of discharge power over time.

It should be noted that the method applied in works
[2, 10] does not give acceptable accuracy of the deposited
energy measurement. It is caused by a wide range of the
spark resistance change during the spark discharge
evolution. Therefore, this method is not reasonable to use
for studying the effect of the gap length on the deposited
energy. Moreover, this method does not allow extracting
the energy deposited in the gas-discharge channel from
the energy deposited in the spark gap.

A gas-dynamic stage of spark development starts
with a process of plasma channel contraction. The
contraction usually happens when the duration of spark
discharges exceeds a few hundreds of nanoseconds
[11, 12]. Due to a significant growth in current density in
the forming channel, the thermal ionization of the gas
takes place in the channel, the gas becomes highly
ionized, and the gas state exceeds an equilibrium one. The
further development of the spark channel is accompanied
by its gas-dynamic expansion. When duration of a spark
discharge is over one microsecond and more, energy
deposited in a gas-filled spark gap during the breakdown
stage is typically lower than energy deposited during the
stage of the gas-dynamic expansion. And the energy
deposition at the expansion stage depends on the
discharge current where a discharge electrical circuit
influences the discharge current. So, we have studied the
effect of the length of the gap on a spark discharges
development when the energy deposition in the spark
channel depends on the parameters of the electrical
circuit.

There is a plurality of numerical models of spark
development which adequately predict the processes
occurring in the spark channel [13-18]. We used a
numerical model of the spark channel expansion which
was previously tested in a wide energy range [19-23].

The aim of the work is to study the influence of the
length of the spark gap on energy input into the discharge
channel during its gas-dynamic expansion.

Numerical model of spark channel expansion. It
was assumed in the developed model that the expansion
of the spark channel is determined by the following
processes: non-stationary gas-dynamic expansion of the
spark channel, a transient process in the electrical
discharge circuit, nonequilibrium chemical processes,
ionization of gas, radiation heat transfer and electron
thermal conductivity. The process of collisions of
electrons with atoms and molecules outside the thermally
ionized spark channel was neglected because the electric
field strength in the spark discharge during its expansion
decreases to 100-1000 V/cm and lower [8]. The electrical
conductivity was evaluated for a region of thermally
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ionized gas where the degree of gas dissociation is high.
Gray body radiation theory was used to take into account
the radiative heat transfer in the high temperature gas and
to simulate energy radiated from the high temperature
spark channel [24]. Spectral radiative heat transfer in the
low temperature gas was neglected due low power
density. The nonequilibrium vibrational excitation of the
gas in the shock wave was not considered. Molecular
thermal conductivity was not taken into account because a
value of such conductivity is significantly smaller than
values of electron and radiative heat conductivities. The
diffusion of atoms and molecules was not taken into
account due to the high rates of mass transfer of the gas in
the expanding channel. The scope of the model was
limited by the condition that the magnetic pressure
created by the discharge current is much less than the gas
pressure.

Within  the framework of the considered
assumptions, the simulation of spark expansion was
carried out by the system of equations
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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, k7 is
the thermal conductivity, E is the electric field strength,
o is the electrical conductivity of the gas, W,, is the
radiative loss, 7 is the radial coordinate, ¢ is the time, T is
the gas temperature.

The radiated energy was calculated using the
expression

Wem = O-SBT4 /ZR > 2

where ogg 1s the Stefan—Boltzmann constant, /; is the
Rosseland mean free path.

The heat conductivity coefficient was calculated
using the expression

2.5
kp =k, +ky gy = 2.651T—A+5.33GSBT31R, 3)
n

where k. is the electron heat conductivity coefficient,
k.. 1s the radiative heat conductivity coefficient, In/ is
the Coulomb logarithm.

Transient electrical process was calculated by the
equation

. t
Lﬂ+[RC +Ry, ~i+ijidt:0, (@)
dt C
0
where C is the capacitor capacitance, R. is the resistance
of a discharge circuit; L is the inductance of a discharge
circuit, Ry, is resistance of the spark channel, i is a
current.
Resistance R,, was defined by the expression
Y
Ry =1y ! |27 cir, (5)
0
where [, is the discharge gap length (channel); Y is
maximum radius of the simulation domain, ¢ is an
electrical conductivity.

The conductivity was calculated by equation

2 (6)
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where 7, is electron number density; o, is the transport
cross-section of the elastic collisions of the electrons with
the neutral plasma components; o, is the Coulomb
collision cross-section; ny is the number density of neutral
components; v is a mean thermal velocity of electron.

The number density of neutral components was
defined by equations of chemical reaction kinetics
considering the reaction (Table 1) where forward rate
constant k;is expressed as

-F
k= Aanf exp{ R;‘f} (7)
Table 1

The coefficients of the rate constant of forward reaction
and the activation energy [25]

Reaction Ay ny E,
N,+M oN+N+M 8.508-10% 225 225

Remark. M denotes the third particle. The values are expressed in
calories, moles, cm®, and s.

The Saha equations with regard to the single and
double ionization of gas with components of e, N, N', N**
was applied to calculate the electron density n, when the
gas temperature exceeds 8000 K. It was assumed that
plasma in the channel is quasi neutral too. A difference
between temperature of electrons and temperature of
atoms was estimated in the next section to evaluate a
correctness of the local thermodynamic equilibrium
approximation application.

The gas pressure was calculated using the expression

p:kTch > (8)

where 7, is a number density of all components (e, N, N,
N, Ny).
The simulation procedure is presented in Fig. 1.

Initial gas state
p. T, puey;

New p, T, p,u.ey;
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U Iy
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kinetics alt) Rsp . electric curcuit
i I ’
Gas dynamic and Electric energy Electric field
heat transfer oE? E= Rspluflsp

Fig. 1. Schematic of simulation procedure

Detail descriptions of the model and simulation
procedure are presented in work [19].

The method of splitting by physical processes was
applied to simulate gas-dynamic spark channel expansion
combined with heat transfer and radiation, components
concentration changing due to dissociation/association
process, thermal gas ionization and transient process in
electrical circuit.

The gradients of thermodynamic gas parameters are
assumed to be absent for the discharge channel axis in a
cylindrical symmetry. The computational area size was
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prescribed in the manner of preventing disturbance from
reaching the boundary. It is assumed that initial
conditions have no gas dynamic perturbations in the entire
computation region.

The model requires a circuit shorting to start
simulating. The shorting of the discharge circuit occurs in
a spark discharge as a result of the development of
avalanche-spark or streamer-spark transition processes
when the gap length is not extremely large. These
processes are investigated, for example, in [5, 16]. As a
result of these processes, a narrow channel with a radius
of up to 0.1 mm is formed where a gas temperature of
more than 10,000 K is reached, and the state of the gas
approaches local thermodynamic equilibrium. Therefore,
the energy was deposited into the channel of a small
radius to rise the gas temperature from the initial one to
10,000 K. It is well known that when the capacitor
discharge happens over the spark gap, the main part of the
discharge energy is released during the high current
pulses. Thus, the shorting energy was set in such a way
that its value was significantly less than the total
discharge energy. Therefore, a change in the conditions of
the shorting energy deposition does not significantly
influence the spark channel expansion because the further
energy input into the spark is determined by the
parameters of the discharge circuit. So, an energy was
inputted initially in the simulated region with a radius of
ro= 50 um during a time of #= 10 ns to form a narrow
current-conducting channel. This energy was 2.8 mJ.

Results and discussion. A spark discharge in series
RLC-circuit with various circuit parameters was
investigated. The first circuit had follow parameters
where the damping factor was (= 0.38. A capacitance of
C = 0.2 pF, an inductance of L = 500 nH, a resistance of
R. = 1.2 Q were applied. The charge voltage was
Uc = 3 kV. These circuit parameters correspond to the
first simulation conditions. The second circuit had the
following parameters where the damping factor was
¢ =0.11. A capacitance of C = 0.1 pF, an inductance of
L =2 pH, a resistance of R. = 1 Q were applied. The
charge voltage was Uc = 30 kV. These circuit parameters
correspond to the second simulation conditions. In both
cases, a spark is ignited in molecular nitrogen with the
initial gas temperature of 7y = 300 K and the initial gas
pressure of 0.1 MPa. A gap length was in a range from
1 mm to 20 mm.

The discharge currents at two electrical circuits with
various spark gap lengths are shown in Fig. 2, 3. It is
observed that an increase in the gap length led to a
decrease in the amplitude of the discharge current at the
both electrical circuits. But this effect is more pronounced
at the first electrical circuit. So, the current amplitude at
the first half cycle of the discharge decreased from
1111 A to 1010 A or by 10 % at the first circuit (Fig. 2)
when the gap length is increased 3 times. Moreover, the
current amplitude at the second half cycle of the discharge
decreases by more than 45 %. The growth in the gap
length to 6 mm caused a fall in the current amplitude at
the first half cycle to 873 A or by 27 %.

The current amplitude at the first half cycle of the
discharge decreased from 5669 A to 5471 A or by 3.65 %

only when the gap length is increased 10 times at the
second circuit (Fig. 3). Moreover, the current amplitude
reduction did not exceed 6.5 % in the second half cycle of
the discharge. The current amplitude at the first half cycle
of the discharge did not exceed 5261 A by the gap length
of 20 mm.
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Fig. 2. The discharge current over time at the first electrical
circuit with the gap length of 1 mm, 3 mm and 6 mm
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Fig. 3. The discharge current over time at the second circuit with
a gap length of 1 mm, 10 mm and 20 mm

The dependences of the spark channel resistance on
the discharge time at two electrical circuits with the
various spark gap lengths are shown in Fig. 4, 5. In both
cases the increased length of the discharge gap led to a
rise in the resistance of the spark channel. The minimum
value of the spark resistance in particular increases from
59 mQ to 196 mQ or 3.3 times at the first circuit (Fig. 4)
when the gap length is enlarged three times. A six-fold
increase in the length caused the minimum value rise to
449 mQ or 7.6 times.

The minimum value of the spark resistance rises
from 6.45 mQ to 69 mQ or 10.7 times at the second
circuit (Fig. 5) when the gap length is enlarged ten times.
And the minimum value grows to 147 mQ or 22.8 times
when the twenty-fold gap increase happens.

Thus, it was simulated that the minimum value of
the spark resistance is nearly in direct proportion to the
gap length.

The study of the gap length influence on the electric
field strength in the spark channel at the calculated cases
is presented in the Fig. 6, 7.

It is observed at the both circuits that a decrease in the
field strength happens in 0.2-0.3 ps from the spark
expansion start and the strength reduces to 1000 V/cm
and lower. The effect of the gap length on the field
strength is more pronounced at the first circuit (Fig. 6)
than it effects at the second circuit (Fig. 7).
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Fig. 4. The spark channel resistance over time at the first circuit
with a gap length of 1 mm, 3 mm and 6 mm
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Fig. 5. The spark channel resistance over time at the second
circuit with a gap length of 1 mm, 5 mm, 10 mm and 20 mm
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Fig. 6. The electric field strength over time at the first circuit
with a gap length of 1 mm, 3 mm and 6 mm
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Fig. 7. The electric field strength over time at the second circuit
with a gap length of 1 mm, 10 mm and 20 mm

The energy deposited in the spark channel over time
at the calculated circuits with the various gap lengths is
shown in Fig. 8, 9. We multiplied data of the deposited
energy with a gap length of 1 mm by a number which
equaled a ration of the gap growth to find out the effect of
the gap length on the deposited energy. It is observed that
the deposited energy increases when the gap length rises.

Pulses of the discharge current cause an increase in the
deposited energy. A main energy deposition happens
during the first half cycle of the discharge. It is explained
by a high discharge current and a high spark resistance
during this period of the discharge development. The
deviation of the energy growth from the directly
proportional dependence on the gap length is observed at
the both circuits (Fig. 8, 9). So, the three-fold increase in
the deposited energy at the first circuit with the gap length
of 1 mm differs by 11 % from the deposited energy at the
case when the gap length was 3 mm (Fig. 8). Such an
energy difference grows by 29 % when the gap length
exceeds 6 mm. It should be noted that the Joule energy
deposited in the resistance is directly proportional to the
square of the discharge current. Therefore, it was
previously expected that when the spark gap is increased
from 1 mm to 6 mm at the first circuit, the deposited
energy will decrease 1.27x1.27 = 1.6 times relative to
0.478 J (see Fig. 8) due to a decrease in the discharge
current 1.27 times (see Fig. 2). So, the expected deposited
energy was 0.298 J. But it was simulated that the
deposited energy equals 0.371 J when the gap length is 6
mm. It occurs because a decrease in the discharge current
causes an increase in the spark resistance that partially
compensates for the drop in the deposited energy. For
instance, when the gap length at the first circuit is
increased 6 times, the minimum spark resistance increases
not 6 times, but 7.6 times.

05
o - —10478J
0.4 - . .
) & mm 0.371J
o34 ' T
203 ‘
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::J’ 02l ; /- _ — 40214 J
1 1 3
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0 ' '
0 1 2 3
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Fig. 8. The energy deposited in the spark channel over time at
the first circuit with a gap length of 1 mm, 3 mm and 6 mm. The
dotted line denotes the three-fold increase in the deposited
energy at the first circuit with the gap length of 1 mm. The dot-
and-dash line denotes the six-fold increase

The ten-fold increase in the deposited energy in the
second circuit with the gap length of 1 mm differs by 6 %
only from the deposited energy at the case when the gap
length was 10 mm (Fig. 9). The deviation of the energy
growth from the directly proportional dependence on the
gap length at the first half cycle of the discharge did not
exceed 3.6 % when the gap length was 10 mm. The
difference in the deposited energy exceeds 13.2 % when
the gap length equals 20 mm.

According to the simulation results we think that the
energy deposited into the spark channel is directly
proportional to the length of the spark gap as the first
approximation. But when the minimum resistance of the
spark channel and the resistance of the discharge circuit
have the same order of magnitude and the damping factor
is high, it is necessary to specify the deposited energy
growth due to the gap length increase. A difference in the
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discharge current can be used as a sign to specify the
deposited energy.

T T I 1M.T717J
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Fig. 9. The energy deposited in the spark channel over time at
the second circuit with a gap length of 1 mm, 5 mm, 10 mm and
20 mm. The dashed line denotes the five-fold increase in the
deposited energy at the second circuit with the gap length of
1 mm. The dotted line denotes the ten-fold increase, and the
dot-and-dash line denotes the twenty-fold increase

Although extensive research has been carried out
where the length of the discharge gap has been variable
[6, 26], there is a problem to compare the calculated
results with the experimental data. The reason for this is
that a change in the gap length under constant gas
pressure leads to a change in breakdown voltage. The
increased breakdown voltage requires to rise the charge
voltage of the discharge capacitor and, accordingly, to
increase the total discharge energy. And growth in the
total energy is accompanied by an increase in the energy
deposited into the spark discharge. As a result, there are
difficulties to separate the effect of the capacitor charge
voltage from the effect of the gap length on the deposited
energy.

Therefore, it was carried out a comparison of the
calculated results with the results of experimental studies
[9, 27], where the breakdown voltage did not change
when the gap length is variable due to a regulation of the
gas pressure p in the discharge medium.

It was assumed that the following condition take place
Up, =const, if p-Ig, =const, 9

where U, is the breakdown voltage.

The results of experimental studies [9, 27] confirm
that an increase in the length of the spark gap leads to a
rise in the energy deposited into the gap. It is also
confirmed that the change in the deposited energy
deviates from a directly proportional dependence on the
factor of change in the length of the gap. For example, it
was found out in [9] that the thermal energy is 7 mJ at the
experimental circuit when the gas pressure is 2 bar and
the gap length is 1 mm. The thermal energy is about
12.5 mJ at such a circuit when the pressure is 1 bar and
the length is 2 mm. Thus, there is a 1.78-fold increase in
the deposited energy in the case of a two-fold increase in
the length of the spark gap and a decrease in the pressure
of the gas-discharge medium by a factor of two. To
separate the effect of pressure from the effect of the gap
length on the deposited energy, we use the data from [23],
where it was found out that a 2-fold increase in gas
pressure leads to an increase in the deposited energy by
10 %. So, we have that a decrease in gas pressure from
2 bar to 1 bar by the gap length of 1 mm would lead to a

decrease in the deposited energy from 7 J to 6.3 mJ. As a
result, we have that a two-fold increase in the gap length
led to a 1.98-fold increase in the deposited energy.

The results of an experimental study of the effect of
the gap length and the gas pressure on the realized energy
are also presented in [27]. It should be noted that the total
energy deposited into the discharge gap consists of the
sum of the energy realized into the gas discharge channel
and the energy released in the near electrode regions. The
results of [27] allow us to separate these energy
components. In particular, the energy released in the near-
electrode regions corresponds to the total deposited
energy when the spark gap length is about zero.
According to the results of experimental studies, a close-
to-linear relationship was found out between the gap
length and the deposited energy. For example, it was
measured [27] that the total deposited energy is 2.3 J at
the investigated circuit with a spark gap of 1 mm and gas
pressure of 1 bar. The following energy balance happens.
The energy of 1.8 J is released in the near-electrode
region, and the energy of 0.5 J is deposited in the spark
channel. The total deposited energy equals 4 J at such a
circuit when the gap length is 10 mm and the pressure is
0.1 bar where energy of 1.4 J is released in the near-
electrode region, and energy of 2.6 J is released in the
spark channel. According to the results of [23], an
increase in pressure by a factor of 10 leads to an increase
in the deposited energy by 70 %. It follows that a decrease
in pressure from 1 bar to 0.1 bar over a spark gap of 1 mm
would lead to a decrease in the deposited energy from
0.5J1t00.29 1.

Thus, an increase in the length of the gap by a factor
of 10 led to an increase in the deposited energy 8.96
times. We have that the influence of the gap length,
revealed by the results of numerical studies, is in
satisfactory correlation with the experimental data.

Distribution of pressure, temperature and gas density
along the radial coordinates at different time allow to
evaluate an influence of the spark gap length on the
discharge channel expansion (Fig. 10, 11).

There is a slight deviation of thermodynamic
parameters with a change in the length of the spark gap at
the first circuit (Fig. 10). This effect is caused by a
reduction in the spark energy deposited per a unit of the

gap length.
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Fig. 10. Distribution of pressure, temperature and gas density
along the radial coordinates at time of 1 ps, 2 us and 3 us at the
first circuit with a gap length of 1 mm (full lines) and 3 mm
(dotted lines)

Negligible deviation of thermodynamic parameters
was observed at the second circuit. Thus, it was difficult
to show the difference in the Fig. 11.
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Fig. 11. Distribution of pressure, temperature and gas density
along the radial coordinates at time of 1 ps, 2 pus and 3 ps at the
second circuit with a gap length of 1 mm and 10 mm

The simulated results of the spark evolution at the
both considered cases correspond to the experimental data
in general. So, the shock wave starts separating from the
current conductive region (high-temperature region) in
about 1 ps from the spark expansion start. Also, the
growth of the total energy of the discharge, which occurs
during transition from the first to the second circuit, leads
to an increase in the intensity of the generated shock
wave. This qualitative comparison and the previous
verification of the model give reason to consider that the
obtained results are reliable.

Due to the visible difference in the temperature
distribution at the first circuit, the effect of the gap length
on the energy radiated by the spark discharge was
estimated for this case. The results of the radiated energy
versus time for the gap length of 1 mm, 3 mm and 6 mm
are presented in Fig. 12.

It is observed that growth of the gap length leads to a
rise in the radiated energy. A three-fold increase in the
radiated energy at the first circuit with a gap length of 1
mm differs from the radiated energy at such a circuit with
a length of 3 mm by 13 % (Fig. 12). Thus, we have a
similar tendency of influence of the gap length on the
radiated energy. But the influence on the radiated energy
is slightly intensive than the influence on the deposited
energy.

We should separately discuss the possible effect of
changing the length of the discharge gap on the cathode
and anode voltage drop and, accordingly, on the energy
released in the spark. There are two contradicting results
on the magnitude of the voltage drop in the near electrode
regions in the spark discharge.
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r
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g1 K 9.34 mJ
5 !
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Fig. 12. Dependence of energy radiated by the spark discharge
on time at the first circuit with a gap length of 1 mm and 3 mm.
The dotted line denotes three-fold increasing radiated energy
when the gap length was 1 mm. The dot-and-dash line denotes
the six-fold increase

According to the data of [28], the near-electrode
voltage drop does not depend on the discharge current that

happens in the stationary arc discharge. And the voltage
drop is about several volts. Since the voltage drop across
the spark channel, as a rule, is several times higher than
the mentioned near-electrode voltage drop, the influence
of this factor on the balance of energy release in the spark
can be negligible in this case. According to the
experimental data of [29], the voltage drop in the near
electrode regions changes during the spark evolution. And
this voltage is comparable in magnitude with the voltage
drop across the spark channel. It was assumed in [23] that
an increased voltage drop in the near electrode regions is
caused by an increased current density in the spark
discharge. Since a change in the length of the discharge
gap leads to a change in the discharge current and current
density, the influence of the change in the voltage drop in
the near electrode regions on the balance of energy release
in the spark discharge can influence more strongly in this
case. Therefore, this issue requires a separate study.

It has to discuss a local thermo-equilibrium
approximation application to a region where gas
temperature is above 8000 K. We use a two-temperature
plasma model to evaluate a difference between
temperature of electrons and temperature of atoms [30].
We assumed that the temperature of electrons is quasi-
steady and plasma is neutral. The atomic gas was
considered. The double ionization of gas was neglected.
The follow systems of equations were solved [30, 31]:

0.5
Z E;
n,=16.06-10%"ny ZL T exp| ——L , (10
e NZ e p kT ( )

a e

22
e‘FE 3
mevm
p:nNkTi'f'nek(Te"_Ti)’ (12)
Vm :(GtrnN+chlne)'U’ (13)
v=6.71-107-JT, , (14)
2.87-107 % InA
Cout == (15)
Te
3 1
InA =7.47 +Elog(Te)+Elog(ne), (16)

where T, is temperature of electrons; 7; is temperature of
atoms; Z, and Z; are partition functions; E; is the
ionization potential; e is electron charge; m, is electron
mass; v, is the effective collision frequency for
momentum transfer; J is a fraction of energy transfer by a
single collision of electron with atom (6 = 2m./m,, where
m, is a mass of atom); InA is the Coulomb logarithm.

The system of equation (10) — (16) can be solved
when the gas pressure and the electric field strength are
known. The growth in the strength of the electric field
causes the rise in the temperature difference that follows
from equation (11). Thus, we use data of the strength
histories (Fig. 6, 7) by local maximums of the strength
curves.

It was found out that when p = 1 MPa, E = 300 V/cm
and T; = 10...13 kK, the temperature difference was varied
in the range from 0.5 % to 5.5 % (Fig. 13,a). This condition
corresponds to the first circuit at time of 0.7...1 ps.
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The temperature difference growth when the temperature
of atoms decreases. So, it was found out that when
p = 03 MPa, £ = 150 V/cm and T; = 8...9 kK, the
temperature difference was varied in the range from 11 %
to 19 % (Fig. 13,b). This condition corresponds to the first
circuit at time of 2.5...3 ps. But this difference cannot
significantly influence on the simulated result because the
main energy deposition stopped at about 1 ps (Fig. 8).
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Fig. 13. Dependence of the temperature difference on the
temperature of atoms when: @) p = 1 MPa, £ =300 V/cm and b)
p=0.3MPa, E=150 V/cm

The similar tendency for the temperature difference
charge happens at the second circuit. Taking into account
the low value of the temperature difference, it allows us to
assume that the local thermo-equilibrium approximation
can be used in the numerical model.

Conclusions.

It was confirmed by the numerical study that the
increase in the length of the discharge gap leads to growth
in energy deposited into the spark discharge, a decrease in
the amplitude of the discharge current and an increase in
the resistance of the spark channel. But the change in the
amplitude of the discharge current caused by the gap
length variation depends on the discharge circuit
parameters. We think the effect of the gap length on the
discharge current enhances in case of a rise in the
damping factor. So, it was observed that when the
damping factor equaled ¢ = 0.38 at the simulated
discharge circuit, three-hold increase in the gap length
caused the decline in the current amplitude by 10 % at the
first half cycle of the discharge. But when the damping
factor equaled { = 0.11, ten-hold increase in the gap
length caused the decline in the current amplitude by
3.65 % only. The effect of the gap length on the electric
field strength was more visible by the increased damping
factor too. It was observed insignificant effect of the gap
length on the spark channel expansion. It was found out
that the minimum spark resistance, the deposited energy
into the spark channel and the radiated energy are
practically directly proportional to the spark gap length.
But deviation from the direct proportionality rises when
the minimum resistance of the spark channel and the
resistance of the discharge circuit have the same order of
magnitude and the damping factor is high. It was found
out that the influence of the spark gap variation on the
radiated energy is slightly intensive than the influence on
the deposited energy.
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