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A study of the influence of the discharge gap length and the initial gas pressure on the energy deposition into the
discharge channel was done. The study was conducted at the same total discharge energy. It is experimentally shown
that the connection of the voltage probe to the discharge circuit significantly affects the discharge current. The de-
termination of the energy deposited into the spark channel is based on the results of numerical simulation of the
spark channel development. Experimentally measured discharge currents at different pressures and the gap length
were used as initial data for the calculation. Based on the obtained results, it is determined which of the factors (the
initial pressure or the gap length) has the strongest influence on the energy input into the spark channel.

PACS: 52.80.Mg

INTRODUCTION

Spark discharge is used in many devices, where the
initial pressure and length of the spark gap varies widely
[1-3]. For applied problems, there is a need to determine
the effect of pressure and the discharge gap length on
the energy input into the spark. But in this case there is a
problem in the separation of these effects on the energy
deposition into the spark discharge. This is because a
change in the initial gas pressure or the spark gap length
leads to a change in the breakdown voltage of the gap.
Therefore, under constant other parameters of the dis-
charge circuit, under these conditions there is a change
in the total discharge energy due to the increase in the
charging voltage of the capacitor to have the spark
breakdown. As a result, it makes it difficult to detect the
effect of the initial gas pressure or the spark gap length
on the energy deposition into the spark channel under
conditions of change in the total discharge energy [1].

To prevent a change in the total discharge energy
under conditions of change in gas pressure or the length
of the gap, it is possible to use a discharge circuit with
series-connected three-electrode triggered spark gaps
[4]. But the presence of such triggered gaps also affects
the energy input into the spark channel, because it adds
a variable resistance in the discharge circuit. Therefore,
there is a need to create a special technique for measur-
ing such effects.

An experimental study of the effect of the initial gas
pressure and the discharge gap length on the energy in-
put into the spark discharge was carried out in work [1-
3, 5], but the separation of these effects from the influ-
ence of other factors was not performed. The use of nu-
merical models of the expansion of the spark channel
allows studying the spark discharge at constant total
discharge energy by invariable parameters of the electric
circuit [6, 7]. This approach is used to study the effect of

initial pressure on the spark evolution [8, 9]. The influ-
ence of the gap length was studied in work [10]. At the
same time, there are no experimental works in which the
influence of the initial gas pressure and the gap length
was studied at invariable total discharge energy. There-
fore, in this work, a study was carried out at invariable
discharge energy.

There are problems to experimentally measure the
energy input into the spark channel. In particular, the
calculation-experimental method based on measure-
ments of discharge current and voltage across the dis-
charge gap is widespread [12, 13]. But in work [14] it is
shown that a connection of the voltage probe to the
measured spark gap leads to the influence on the dis-
charge process that significantly changes the discharge
current and voltage across the discharge gap. The study
of this effect was performed for a spark discharge with
the total energy equals to several micro Joules. There-
fore, there is a need to verify this effect when the total
discharge energy is increased. Therefore, we investigat-
ed such an impact when the total energy exceeds a hun-
dred of milli Joules.

Thus, the aim of this work is a calculation-
experimental study of the influence of the initial pres-
sure and the length of the spark gap on the energy input
into the discharge channel by invariable total discharge
energy.

TECHNIQUE AND METHODS
OF MEASUREMENTS

The capacitor discharge through the spark gap was
investigated. A condition when a spark breakdown hap-
pens by an invariable voltage supplied to the spark gap
is provided if the initial gap pressure and the gap length
are variable. For this purpose, the known dependence of
the breakdown voltage u, is used
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u,~p-d, 1)
where p is the initial gas pressure; d is the spark gap
length.

Thus, the change in the length of the discharge gap
was compensated by the change in the initial gas pres-
sure to achieve an invariable breakdown voltage. As a
result, a spark discharge was ignited by constant total
discharge energy and invariable parameters of the elec-
tric circuit.

The setup was assembled according to the scheme
(Fig. 1). To change the initial gas pressure, the discharge
gap 1 was placed in the high pressure chamber 2. The
pressure chamber was connected to a high pressure gas
tank 3. Compressed air was supplied through a valve 4.
The initial gas pressure in the chamber was measured by
a manometer 5. Gas outflow from the chamber was car-
ried out through the valve 6. The voltage was measured
by a voltage probe 7 (resistive capacitive voltage divid-
er). The measurement of the discharge current was car-
ried out by a current sensor 8 using the Hall effect. The
capacitor C was charged from the step-up transformer
T,, the primary circuit of which was connected to the
laboratory autotransformer T,, and the secondary wind-
ing of this transformer was connected to the capacitor C
through the rectifier diode VD and the current limiting
resistor Rqp. High-frequency litz wire was used to con-
nect the capacitor with the spark gap. An additional in-
termediate connection points for the voltage probe was
made between the gap and the capacitor.
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Fig. 1. Scheme of the setup

A capacitor type K15-10 with a capacity of 4700 pF
+ 30 % was used as a discharge capacitor. Steel elec-
trodes are used. PINTEK HVP-15HF voltage sensor
was applied as a voltage probe. A Honneywell
CSNM191 sensor was used to measure the current. The
electrical connection between the capacitor and the
spark gap was made by a litz wire with a LESHO type
1075x0.071 mm to reduce the skin effect on the re-
sistance of the electrical circuit. The total length of the
litz wire was 1.5 m. Measured signals from current and
voltage sensors were recorded by Rigol DS1102E oscil-
loscope. The change in the length of the gap occurred in
the range of 1...2 mm. The absolute gas pressure in the
chamber was adjusted in the range from 0.1 to 0.2 MPa.
The length of the discharge gap was measured by a cali-
per with a measurement accuracy of £ 0.1 mm. Gas
pressure was measured by a manometer DM05063 with
2.5 class accuracy. The resistance of the charging resis-
tor was 43 kQ. Taking into account the high variance of
the actual capacitance of the discharge capacitor, the
measurement of its actual capacitance was performed by
a digital impedance meter E7-22.
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The view of the discharge circuit with measuring
equipments is presented in Fig. 2.
1

Fig. 2. Discharge circuit with measuring equipments:
1 — capacitor; 2 — current sensor; 3 — discharge gap
placed in the high pressure chamber; 4 — additional
intermediate connection points; 5 — voltmeter;
6 — laboratory autotransformer; 7 — HV probe

The follow sequence of measurements was applied.
The measurement was carried out at an invariable
breakdown voltage of the discharge gap, but different
initial gas pressure and gap length. To achieve these
conditions, the required length of the discharge gap was
set. Next, the chamber where the discharge gap was
placed was filled with compressed gas. The gas pressure
was set in such a way that in the case of supplying a
required voltage to the discharge gap, the breakdown by
this voltage did not occur. After that, the required volt-
age was supplied to the discharge gap. Next, the gas
supply valve was closed, and the outlet valve was
opened to exhaust the gas from the chamber. During the
slow gas outflow, the manometer was monitored. After
reducing the gas pressure, the breakdown of the dis-
charge gap happened at a required voltage. When the
breakdown happened, the pressure value was measured.
Also, signals from current and pressure sensors were
oscillated simultaneously in standby mode. Synchroniza-
tion of input signals was carried out by the falling signal
from the voltage sensor.

The measurement of the discharge current was per-
formed at different connection points of the voltage
probe. At first case, the probe was connected directly to
the capacitor. At the second case, it was connected at the
intermediate point (Fig. 2). At the third case, it was con-
nected to the discharge electrodes.

MEASUREMENT RESULTS

According to the measurement of the capacitance of
the discharge circuit, it was found that the capacitance
without a connected voltage probe was equal to (4.92 +
0.04) nF. In the case of connecting a voltage probe to an
electrical circuit, the capacitance of the circuit increased
to (4.93 £ 0.04) nF.

The results of the study revealed the influence of the
connection point of the voltage probe on the discharge
current. In particular, the results of measuring the cur-
rent in the discharge circuit and the voltage at different
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connection points are shown in Figs. 3-5. In the present-
ed oscillograms, the voltage sensitivity s

2.5 kV/division, and the current sensitivity is
180 A/division.
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Fig. 3. Oscillograms of current i in the discharge circuit
and voltage u when the voltage probe connected to the
capacitor
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Fig. 4. Oscillograms of current i in the discharge circuit
and voltage u when the voltage probe connected to the

spark gap
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Fig. 5. Oscillograms of current i in the discharge circuit
and voltage u when the voltage probe connected to the
intermediate connection points

According to the measurement results, we observe
the current which is characteristic of the oscillating
damping discharge of the capacitor.

According to the measurement results (see Fig. 3),
we have that the period of oscillations during the first
period of the discharge is equal to about
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T=(490 +10) ns. Hence, the inductance Lgsc of the
LC-circuit can be determined from the following equa-
tion
o= 2n = ! , 2
T L..C
where o is an angular frequency.

Taking into ccount that the capacitance equals to
C = 4.92 nF and period is T = 490 ns, we have the cir-
cuit inductance of Lsc = 1.24 pH.

We observe in Fig. 3 that the phase shift between
voltage and current is not equal to 90°, which reflects
the presence the self inductance of the capacitor and the
resistance additionally to the capacitance in the meas-
ured circuit branch. If ¢ = 90 °, then the maximum value
of current in a series LC-circuit would correspond to
zero value of voltage across the capacitor. And this is
not observed on the measured oscillogram (see Fig. 3).

We observe that the connection of the voltage probe
to different points led to a change in the discharge cur-
rent (see Figs. 3-5). Higher harmonics are superimposed
on the main harmonic of the current reflecting the oscil-
lating discharge. In this case, the smallest amplitude of
the higher harmonics occurs when the voltage probe is
connected directly to the discharge capacitor.

This effect of connecting a voltage probe on the dis-
charge current is explained by the fact that in the con-
ducted research the discharge circuit cannot be repre-
sented by lumped circuit elements, similar to RLC-
circuit. It is known that the discharge gap have a capaci-
tance, and in the process of the spark discharge devel-
opment there is a change in the resistance of the spark
discharge and the inductance of the conductive spark
channel. Therefore, the equivalent electrical circuit of
the discharge circuit takes the form (Fig. 6) [14].

o

Fig. 6. Equivalent electrical circuit of the discharge
circuit without a connected voltage probe [14]

Connecting the voltage divider to the discharge cir-
cuit leads to an increase in the total capacity of this cir-
cuit [12]. Also, such a connection affects the discharge
processes by changing the equivalent circuit of the dis-
charge circuit. Assuming that the resistance of the volt-
age probe is much greater than the resistance of the ele-
ments of the discharge circuit, this component can be
neglected. As a result, the equivalent electrical circuit of
the discharge circuit with the connected voltage probe is
presented by a scheme (Fig. 7).

Moving the cd nodes of the HV-probe along the con-
nection wires causes a change in the inductances Lo; and
Lo, and the resistance Ry; and Ry,. It should be noted that
even if the voltage divider is connected to the discharge
capacitor or to the discharge electrodes, the

ISSN 1562-6016. BAHT. 2021. Nel(131)



presence of these inductances cannot be avoided. This
is due to the fact that the capacitor has its self induct-
ance and resistance and the discharge electrodes also
include inductive elements with a certain resistance.

Fig. 7. Equivalent electrical circuit of the capacitor
discharge with the connected voltage probe

These factors can be detected by modeling the transi-
tion process in the discharge circuit (see Fig. 6) by the
following system of equations [14]:

—j dt+L‘1'°+Rio+iji1dt=0, 3)

1 .. di dl
_C_spjlldt o d2+|2 dp+R i,=0, (4)
i =i+, 5)

Substituting into the system of equations the parame-
ters of the investigated circuit (C = 4.9 uF; L=1.0 pH;
R = 0.1 Q), and assuming that the discharge gap with the
voltage probe acquire the parameters Cy, = 30 pF;
Ly =0.24 puH; Ry, = 1 Q, we obtain the following dis-
charge current ip (Fig. 8).
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Fig. 8. Simulated current iy

The obtained result qualitatively demonstrates the ef-
fect of connecting the voltage probe on the discharge
current.

Taking into account that the connection of the volt-
age divider to the discharge gap leads to a change in the
discharge current (see Figs. 3, 4), in this case, the results
of measuring the voltage drop across the gap and dis-
charge current are not correct to use for calculation the
energy deposition in the discharge gap. Therefore, the
investigation of the influence of the gap length and the
initial gas pressure was carried out by numerical model-
ing of the spark discharge evolution using the measured
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discharge currents as the input data.

The result of the current and voltage measuring that
occurs in the circuit with the gap length of 1 mm, where
the initial gas pressure was 0.2 MPa, is presented in
Fig. 9. The voltage probe was connected to the capaci-
tor. The result of the current and voltage measuring cur-
rent with the length of 2 mm and the pressure of 0.1
MPa is presented in Fig. 10.

We observe from the obtained results that an initial
voltage of the charged capacitor is the similar in both
cases. And the largest current amplitude is reached on a
discharge gap of the shortest length, despite the increase
of the initial gas pressure in the gas-discharge medium.
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Fig. 9. Oscillograms of current i in the discharge circuit
and voltage u by the length of 1 mm and an initial pres-
sure of 0.2 MPa
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Fig. 10. Oscillograms of current i in the discharge cir-
cuit and voltage u by the length of 2 mm and an initial
pressure of 0.1 MPa

To evaluate the energy of the spark discharge depos-
ited into the discharge gap, the numerical model de-
scribed in works [8-10] was used. The model is based on
the equations of gas dynamics for compressible gas, the
equations of nonequilibrium chemical kinetics, the equa-
tions of the gas state. The calculation of the electrical
conductivity of gas in the temperature range over
10000 K is performed according to the Saha equations
and the equation of conductivity of highly ionized gas.
Heat transfer by radiation in a conductive channel is
calculated by the equations of radiant thermal conduc-
tivity in a gray body.

The calculation results of the energy input into the
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spark channel and the resistance of the spark channel are
presented in Figs. 11, 12.
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Fig. 11. The change in energy deposited into the spark
channel over time

According to the results of numerical studies, we ob-
serve that an increase in the length of the gap under
conditions of proportional pressure drop leads to an in-
crease in the energy deposited into the spark channel
(see Fig. 11). It should be noted that this increase occurs
despite the decrease in the amplitude of the discharge
current in the case of increasing the length of the gap
(see Figs. 9, 10). The increase in energy under condi-
tions of decreasing discharge current is caused by an
increase in the resistance of the spark channel (see
Fig. 12).

Rsp, &) T T T

10F

\\'—\__-f“‘\,./".h_h__,x_ﬂf

01 E
-1 mm, 0.2 MPa
0.01 | | |
0 04 1 1.5 tous
Fig. 12. Changing the resistance of the spark channel
over time

The increase in the resistance of the spark gap ex-
plains the decrease in the amplitude of the discharge
current obtained by the measurement results (see
Figs. 9, 10).

In the conditions of the carried-out researches we
have growth of the energy input into the spark channel
in 1.35 times. It is known [1-5] that an increase in pres-
sure and an increase in the length of the gap lead to an
increase in the energy input. In particular, according to
work [15], the energy input into the spark channel is
directly proportional to the length of the gap. That is, a
2-fold increase in the length of the gap at constant dis-
charge current leads to a 2-fold increase in the energy
deposited into the discharge. According to work [8], a 2-
fold decrease in pressure leads to a decrease in energy
deposited into the discharge by 1.2 times. Under these
conditions, the energy would increase by 1.67 times. But
it is necessary to take into account the increase in the
resistance of the discharge channel happens in condi-
tions of decreasing the amplitude of the discharge cur-
rent in the investigated case. This explains the deviation
of the obtained result from the result of other studies.
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We have, according to obtained results, that the
length of the discharge gap has a greater influence on
the energy input when the same multiplicity of pressure
change and the opposite change in the gap length take
place.

CONCLUSIONS

Based on experimental and computational studies of
the effect of the length of the discharge gap and the ini-
tial gas pressure on the energy input into the discharge
channel, it was found that the gap length factor affects
the energy input to the discharge channel more than the
initial pressure factor. In particular, in the conditions of
the conducted researches in case of increase of length of
an interval in 2 times with simultaneous decrease in the
pressure in 2 times there was an increase in the energy
deposited into the spark channel in 1.35 times.

It is experimentally confirmed that the connection of
the voltage probe to the discharge circuit, in conditions
when the total discharge energy exceeds 100 mJ, affects
the discharge current. Therefore, for an adequate de-
scription of the discharge processes, it is advisable to
consider the discharge circuit as a distributed-element
circuit.
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SKCIIEPUMEHTAJIBHOE U YUCJIEHHOE UCCJIEJOBAHMUSA BJINAHUA JABJIEHUSA U JJINHBI
PA3ZPAJHOI'O TIPOMEXYTKA HA BBOJl SHEPTHH B UCKPOBOM PA3PAJE

K.B. Kopvimuenko, H.C. Bapwamoesa, /I.B. Mewixos, /I.11. /Ilyounun, P.H. Kosanenxo,
C.10. Hazapenko

[IpoBeneHs! nccae0BaHNS BIMSHUS JUTMHBI Pa3psiAHOTO MPOMEKYTKA W Ha4aIbHOTO JIaBJICHHS Ta3a Ha BBEJICHUE
SHEPTHUH B pa3psAHbIN KaHal. VccienoBaHust MPOBEICHBI TPU OJMHAKOBOW MOJIHOW SHEPTHU paspsiia. DKCIEPUMEH-
TaJIbHO MOKA3aHO, YTO TOAKIIOYCHUE JCIUTEIS HAIPSDKEHUS K paspsAHON IIENH CYIIECTBEHHO BIMSET HA pa3psaHbId
Tok. OnpeneneHne 3Hepruy, BBOANMOM B ICKPOBOH KaHaJ, OCYLIECTBIICHO 10 PE3YJIbTaTaM YHCIEHHOTO MOJEIHPO-
BaHMS Pa3BUTHS UCKPOBOTO KaHaNa. B kauecTBe MCXOMHBIX NAHHBIX [UIS pacueTa MCIOIb30BaHbl SKCIIEPUMEHTAIBHO
M3MEPEHHBIC Pa3psAHbIE TOKU IPH PA3IMIHBIX JAaBICHUAX U JUIMHAX Pa3psIHOTO NpoMexyTka. Ha ocHoBaHmu 1mo-
JTyYeHHBIX PE3yJIbTAaTOB ONPENENICHO, KaKoi U3 (akTOpoB (HadaJbHOE AABJICHHE WM JJIMHA MPOMEXYTKa) OOJbIIe
BIIMSIET HA BBOJ YHEPTHU B HCKPOBOI KaHA.

EKCHEPUMEHTAJIBHE I YHUCEJIBHE JOCJIIJKEHHSA BIIJIMBY TUCKY TA JOBKUHUA
PO3PSITHOI'O TIPOMIKKY HA BBEJEHHS EHEPIIi B ICKPOBUI PO3PSI/I

K.B. Kopumuenko, 1.C. Bapwamoesa, /1.B. Mewxos, /I.1I1. /[yoinin, P.I. Kosanenxo,
C.10. Hazapenko

[TpoBeneHO JOCHIPKEHHS BIUIMBY JIOBXHMHH PO3PSAHOTO IPOMDKKY Ta IOYaTKOBOTO THCKY Ta3y Ha BBEICHHS
eHeprii B po3psaaHuil KaHai. J{OCTI/KeHHST MPOBEICHO 3a OJHAKOBOI MOBHOI eHeprii po3psay. ExcnepuMeHTaIbHO
MOKa3aHo, IO IMiAKJIIOYSHHS AUIbHUKA HANPYTW J0 PO3PSIHOTO JIAHIIOra CYTTEBO BIUIMBAE HA PO3PSIHUIA CTPYyM.
Bu3HaueHHs €HEprii, 110 BBOIUTHCS B ICKPOBUI KaHaJ, 3A1HCHEHO 3a Pe3yJIbTaTaAMHU YUCEIHHOTO MOICIIOBAHHS PO3-
BUTKY ICKpOBOro KaHaiy. SIk BHXIiJHI JJaHi JUIsi PO3paxyHKY BUKOPHCTaHO €KCIEPHUMEHTAIILHO BUMIPsIHI PO3psIHI
CTPYMH TIpH Pi3HUX THCKaxX Ta JIOBXXHHAX PO3PSTHOTO MPOMDKKY. Ha mifcTaBi oTpUMaHUX pe3yibTaTiB BU3HAYEHO,
SKWI 3 YMHHUKIB (TI0YaTKOBHMI THCK a00 JOBXHHA MPOMIXKKY) Ollbllle BIUIMBAE HA BBEJICHHS €HEPril B ICKPOBUiA Ka-
HaJl.
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