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Ignition energy is one of the important parameters of flammable materials, and evaluating ignition energy precisely
is essential to the safety of process industry and combustion science and technology. By using electric spark discharge
test system, a series of electric spark discharge experiments were conducted with the capacitor-stored energy in the range
of 10 J, 100 J, and 1000 J, respectively. The evaluation method for energy consumed by electric spark, wire, and switch
during capacitor discharge process has been studied respectively. The resistance of wire, switch, and plasma between
electrodes has been evaluated by different methods and an optimized evaluation method has been obtained. The electric
energy consumed by wire, electric switch, and electric spark-induced plasma between electrodes were obtained and the
energy structure of capacitor-released energy was analyzed. The dynamic process and the characteristic parameters (the
maximum power, duration of discharge process) of electric spark discharge process have been analyzed. Experimental
results showed that, electric spark-consumed energy only accounts for 8%—14% of the capacitor-released energy. With the
increase of capacitor-released energy, the duration of discharge process becomes longer, and the energy of plasma accounts
for more in the capacitor-released energy. The power of electric spark varies with time as a damped sinusoids function and

the period and the maximum value increase with the capacitor-released energy.

Keywords: electric spark, discharge characteristics, energy structure, ignition energy

PACS: 52.80.-s, 52.77.-], 52.75.Kq

1. Introduction

An electric spark is an abrupt electrical discharge that oc-
curs when a sufficiently high electric field creates an ionized,
electrically conductive channel through a normally-insulating
medium, often air or other gases or gas mixtures.!!! The rapid
transition from a non-conducting to a conductive state pro-
duces a brief emission of light and a sharp crack or snap-
ping sound. A spark is created when the applied electric field
exceeds the dielectric breakdown strength of the intervening
medium. Electric sparks are widely used in industrial and lab-
oratory to ignite fuel/air mixtures, such as in gas or dust ex-
plosion experiments and in inter combustion engine, because
the discharge process is ease to control and the electric energy
is relatively concentrated.’>>! And it also has a wide range
of applications in aviation, military, metallurgy, chemical in-
dustry, and everyday life.[%”] Electric park energy is an im-
portant parameter to evaluate the ignition properties and haz-
ardous characteristics of electric spark.[>3! And the electric
energy of a spark is directly related to the electric resistance
and the current through it. The electrical contract resistance
of pulse spark plasma sintering machine had been studied by
Maniere et al.'°1 Precise calculation and control of the energy
of an electric spark were required for the effectiveness of the
ignition process and the safety of industry process. The elec-
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tric spark discharge process is very complicated as it is related
to electrodes spacing, capacitance, resistance, and many other
factors. And the electric energy of spark is regarded as the
ignition energy of flammable materials. The challenge of our
present study is to evaluate the electrical resistances and the
energy of an electric spark. Maly et al.'%~13! divided the dis-
charge process into four stages, pre-breakdown phase, break-
down phase, arc phase, and glow phase. Usually the capac-
itor stored energy was taken as the electric spark energy. In
practice, not all the energy stored in capacitor turns into spark
energy, most of it is consumed by circuit. In order to calculate
spark energy more accurately, a controllable ignition device
was established. A series of experiments on electric energy
release during capacitor discharge process were conducted.
The dynamic characteristics and the structure of electric en-
ergy distribution have been studied.

2. Experimental device and principle
2.1. Experimental device

The experimental system includes an electric spark gen-
eration system and a measurement system. The electric spark
generation system consists of a high-voltage power, an en-
ergy storage capacitor bank, an three-pole switch which is
controlled by a trigger device, and a pair of tungsten elec-
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trodes, as shown in Fig. 1. The measurement system consists
of a TektronixDPO7254C digital oscilloscope (2.5-GHz band
width, 20-Gs/s (1 Gs = 10~* T) sample rate, 8 bit), Tektron-
ixP6015A voltage probes (75-MHz band width, 20-kV maxi-
mum input voltage), and Pearsonl10A current monitors (10-
kA maximum current, 20-MHz band width). The selection
of components and technical parameters of the electric spark
generation system can be found in Ref. [14]. In the present
study, capacitors with capacitance of 0.4005 uF, 3.998 uF,
and 31.34 pF were used and the charging voltage ranged from
7.5 kV to 14 kV. Thus the capacitor-stored energy lies in the
level of 10 J, 100 J, and 1000 J respectively. First the energy
storage capacitor was charged by high voltage power, and then
controlled by the three-pole switch, the energy stored in the
capacitor released through electric circuit and electric spark-
induced plasma between the tungsten electrodes. The energy
stored in capacitor can be controlled by selecting the capac-
itor with different capacitance in the capacitor bank and the
charging voltage. Electric energy release experiments were
conducted with the stored energy in the range of 10 J, 100 J,
and 1000 J respectively. The dynamic current of capacitor dis-
charging process was monitored by a current sensor. And the
dynamic voltage of capacitor and spark gap during the dis-
charge process were measured by high voltage probes. The
dynamic current and voltage can be used to evaluate the struc-
ture of energy distribution and the dynamic characteristics of
the capacitor discharge process.
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Fig. 1. Schematic graph of the spark discharge system.

2.2. Evaluation methods for electric spark energy

In the present study, the dynamic current and voltage were
monitored by dynamic sensors of current and voltage respec-
tively. And the data were recorded by a oscilloscope. A
typical voltage history of capacitor and current history dur-
ing the discharge process were shown in Fig. 2. It can be
found that the current and voltage are all subject to periodic
damping oscillation. Up to now, there is not a uniform stan-

dard for electric spark energy evaluation. In Chinese standard

GB/T16428-1996,113] International Electro Technical Com-
mission standard IEC 61241:1994,'%1 European standard EN
13821:2002,!'" and ASTM Standard E2019-03,U8] the elec-
tric spark energy is evaluated by mathematical integration of
iu, that is, Egpak = Jiudt, where u and i are voltage and cur-
rent histories respectively. The discharge processes of capac-
itor with capacitor stored in the range of 0.15 mJ-2025 mJ
have been studied by Liu Qingming et al.!'®! With the residual
energy of capacitor discharge process considered, the capac-
itor released energy was calculated by using the current his-
tory of the discharge process, and the electric spark energy
was evaluated by integration of iu, the rate of energy losses
of capacitor and the electric circuit had been evaluated. ']
Zhang Yunming et al.!"! found that the phase shift between
current and voltage histories of spark gap resulting from sen-
sors cannot be neglected when the capacitor stored energy
is large enough. So, the electric spark energy calculated by
integration, fé uidt, could lead to a considerable error. So
they raised two other methods, Joule’s integration method,
that is Egpai = fé istpark dt, and overall energy conservation
method, that is Egpark = Ereleased — fé 2R ireuitdf to calculate
electric spark energy. Where, Egpark, and Eejeased are electric
spark energy and the capacitor released energy respectively.
In Ref. [14] the resistance of electric-induced plasma, Rgpark,
and the resistance of circuit, Rjrcyit, Were evaluated by the dy-
namic parameters of current oscillation and attenuation, thus
may result in a considerable error. In this paper, to evaluate the
energy distribution structure of capacitor-released energy, an
energy conservation-based method for spark resistance evalu-
ation is put forward.
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Fig. 2. Typical histories of voltage and current during capacitor discharge
process (capacitor 3.998 pF, charging voltage 11 kV) obtained by the
present study.
Taking the residual energy into account, the energy re-
leased during the capacitor discharge process can be obtained
by

1
Erelease = EC(UO2 - U12)7 (1)
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where C is the capacitance of energy storage capacitor, Uy and
U, are electric voltage of capacitor before and after discharge
process, as shown in Fig. 2. From Fig. 2 we can see that the
voltage is gradually decreased from a certain value, Up, and
finally remains constant value Uj.

Suppose the energy released is completely transformed
into heat energy, the total resistance of the spark discharge pro-
cess can be obtained by

C(U*-U})/2

Ji%dr @

Rlolal =
The time interval of integration is the duration of the discharge
process.

The resistance of short circuit, Rgp,or, consists of wire re-
sistance, Ryire, and switch resistance, Rgwitch, that iS, Rghort =
Ryire + Rswitch- Rwire can be obtained by four-wire electric re-
sistance measured method, in our experiment circuit, Ryje =
0.029 Q. And the short circuit resistance can be obtained by
using the histories of voltage and current during the energy
release process of the short circuit.

g -Up)/2

e 3)

Rghort =
where, Rgport 1S short-circuit resistance, Ué and U ]' are voltage
of energy storage capacitor before and after the energy release
process of the short circuit, 7’ is the dynamic current during the
energy release process of the short circuit.

The resistance of electric spark-induced plasma can be
obtained by subscribing the short circuit resistance from the
total resistance of the discharge circuit. By Joul’s law, the
electric spark energy can be expressed as

Egpark = / idt - (Riotat — Rshort)- 4)
So, the energy consumed by the wire resistance is
Eyire = / 2dr-Ryie, 5)
and the energy consumed by switch can be expressed as
Eqiteh = / 2dt - (Roport — Ruie)- ©)

Using Eqgs. (4)-(6), the energy consumption by electric
spark, wire, and switch can be calculated, so the energy dis-
tribution structure of the released energy during the capacitor
discharge process can be obtained.

The capacitor-released energy consists of electric spark
energy, wire-consumed energy, and switch-consumed energy.
And the electric spark energy can transferred into thermal en-
ergy and blast wave (shock wave) energy. The blast wave en-
ergy can be obtained by the pressure field of shock wave. 2]
The percentage of the blast wave energy to the electric spark

energy is about 13% for the discharge process of capacitor
with a stored energy of 100-J level. And the thermal energy
can be obtained by subtract blast wave energy from the elec-
tric spark energy. For the discharge process of capacitor stored
energy less than 10 J, the blast wave energy can be neglected.
In the present study, only the electric spark-released energy is
studied.

The dynamic temperature response of an electric spark
induced by the discharge processes of capacitors with stored
energy in the level of 10 J, 100 J, and 1000 J respectively had
been studied.?! And it was found that the maximum temper-
ature of the electric spark lies between 3060 °C and 3400 °C
and the duration of high temperature lies between 22 ps and
203 ps.

In the above method, the capacitor-released energy is
divided into electric spark-consumed energy, wire-consumed
energy, and switch-consumed energy. To electric spark gen-
eration device, the efficiency of the device, ¢, is the per-
centage of electric spark energy to released energy, that is
0 = Egpark /Erelease- Besides of the electric spark energy, the
power of electricity is also an important parameter to the ig-
nition process of fuel/air mixtures. The rate of electric spark
energy release can be expressed by electric spark power, that
is

Popark = i* Rspark- 7

3. Experimental results and analysis
3.1. Experimental results

The electric discharge experiments were conducted by us-
ing the experimental device described in Subsection 2.1. The
electric spark with different energy levels can be realized by
selecting energy storage capacitor with different capacitances.
For 10-J, 100-J, and 1000-J capacitor storage energies, the cor-
responding capacitances of the energy storage capacitors are
400.5 nF, 3.998 pF, and 31.34 pF respectively.

To illustrate the details of energy calculation, a typical en-
ergy release process of a capacitor of 3.998-pF was taken as
an example. The charging voltage of the capacitor was about
11 kV. And the voltage history of the energy storage capacitor
and the typical current history during the capacitor discharge
process are shown in Fig. 2.

By using the above-mentioned method, the electric
spark-, wire-, and switch-consumed energies can be calculated
as follows:

Egpark = 28.29 ), Eywire = 50.64 ], Egyitch = 162.48 J.

And the rate of energy conversion of the electric generation
device is ¢ = 11.7%. A series of discharge experiments with
different capacitors and different charging voltages are con-
ducted and the energy consumed by electric spark, wire, and
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switch have all been calculated. Thus the energy structure can
be obtained.

3.2. Results analysis
3.2.1. The structure of energy distribution

The energy and the rate of energy release are the main
parameters related to electric spark application in industry and
scientific research. For an electric spark generated by capac-
itor discharge device, the characteristic parameters of electric
spark are closely related to the circuit of device. During the en-
ergy release process of the spark generation device, only a part
of the capacitor-released energy is transformed into the electric
spark energy, and the others is consumed by wire and switch.
In this section, the energy structure of the capacitor-released
energy during the capacitor discharge process is studied.

For the calculation of the electric spark energy, three
methods, that is ui integration method, Joule’s law method
with spark resistance calculated by the parameters of current
oscillation, and over all energy conservation method, were
compared by Zhang Yunming et al.l'*! In their opinion, the
Joule’s law method with electric spark resistance calculated by
the parameters of current oscillation has more advantages than
the other two methods in calculating the electric spark energy.
In this paper, Joule’s law has been used to evaluate electric
spark energy, wire-consumed energy, and switch-consumed
energy with the resistance evaluated by energy conservation
law and parameters of current oscillation respectively. The
spark energy evaluated by Joule’s law with resistance calcu-
lated by energy conservation law and parameters of current os-
cillation were denoted by Egpak1 and Egpario respectively. The
capacitor-released energy and the electric energy evaluated
by two different methods described above with the capacitor-
stored energy level of 10 J, 100 J, and 1000 J are shown in
Fig. 3. Figure 3 shows that both of the released energy and the
electric spark energy are increased with the increase of initial
charging voltage under different energy levels. The increasing
rate of released energy with initial charging voltage is much
greater than that of the electric spark energy. The electric
spark energy evaluated by Joul’s law with resistance evaluated
by energy conservation laws follow energy conservation law
strictly, that is, Erelease = Esparkl + Ewire + Eswitch- S0, Egpark1
is used to analyze the energy structure of the released energy.
And the higher the energy level is, the greater the proportion
of the spark energy to release energy is, as shown in Fig. 3 and
Table 1.

The variations of electric resistance with charging voltage
with different energy levels are shown in Fig. 4. From Fig. 4
we can see that with the increase of energy level, both Ry
and Rgpark decrease. The upper curve represents the total re-
sistance, while the lower curve represents the spark resistance.
Figure 4 shows that the decreasing rate of Ry, is greater than

that of Rspark. So, with the increasing of charging voltage at the
same energy level and with the increasing of energy level, the
ratio of the spark resistance to the total resistance increases,
and the rate of the energy conversion of the electric genera-
tion device increases. In addition, with the increasing of the
energy level, the capacitor-released energy increases, the cir-
cuit is more prone to produce spark and the reliability of spark
discharge has also been enhanced.
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Fig. 3. Variations of energy with initial charging voltage.

Table 1. Energy distribution structure during capacitor discharge pro-
cess.

Energy level Erelease Espark Eyire Egwitch
107 1 0.084 0.048 0.868
100J 1 0.127 0.204 0.669
10007 1 0.133 0.322 0.545
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Fig. 4. Variations of discharging resistance with initial charging voltage.

On the other hand, it can be found that Egpak > Esparki
and that can be explained by the different methods of spark
resistance calculation. In calculation of resistance with pa-
rameters of discharge current oscillation, the oscillation and
attenuation of current are expressed approximately by expo-
nentially damped sine function, and thus may result in some
errors. While in calculation of resistance with energy conser-
vation law, current oscillation from experiment is used, instead
of the approximation function. So the resistance calculated by
the energy conservation law is more accurate than that calcu-
lated by oscillation parameters of discharge current.

To study the structure of the released energy, we calcu-
late the ratios of spark energy, wire-consumed energy, and
switch-consumed energy to total release energy respectively.
The results are listed in Table 1, where the errors of Egpak,
Evire, Eswitch are accurate to 1%o, 0.12%, and 2.1%. It can
be seen from Table 1 that with the increasing of energy level,
the percentage of spark energy to released energy and that of
wire-consumed energy to released energy is increased while
the percentage of switch-consumed energy to released energy
is decreased gradually. With the increasing of energy level, the
capacitor stored energy increases, the whole circuit is prone to
discharge, the discharge current increases and the duration of
discharge process becomes longer. However, the wire resis-
tance can be seen as a constant in a short time, so the wire-
consumed energy becomes larger gradually. As shown in Ta-
ble 1, switch resistance consumes most of the release energy.

3.2.2. Dynamics of electric discharge process

The power of electric spark (Pypak = istpark) is also an
important parameter of electric spark discharge process. Fig-
ure 5 shows a typical power history of electric spark discharge
process under three different energy levels. It can be seen that
the power of electric spark oscillated with amplitude exponen-
tially damps. With the increase of energy level from 10 J to
1000 J, the period of power oscillation increases from 0.01 ms
to 0.05 ms, and the maximum power value is relatively in-
creases from 700 kW to 1700 kW. At lower energy level, the
capacitor stored energy is small, and the duration of the dis-
charge process is short. While in the high energy level, the
capacitor stored energy is large, the duration of the discharge
process is long. This phenomenon can be found in histories of
power, voltage, and current.
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Fig. 5. (color online) Power history of the electric spark.

4. Conclusions

In conclusions, we investigated the evaluations electric
resistance during capacitor discharge process based on energy
conservation law. With the increases of the capacitor stored

105202-5



Chin. Phys. B Vol. 26, No. 10 (2017) 105202

energy from 10 J to 1000 J, the total resistance of the dis-
charge circuit decreased from 0.7 Q to 0.08 Q while the re-
sistance of the spark-induced plasma decreased from 0.1 Q
to 0.01 Q. We also calculated the energy consumed by elec-
tric spark-induced plasma, wire, and switch and analyzed the
energy distribution structure of the capacitor-released energy.
Both of the capacitor-released energy and the spark energy in-
crease with the increase of the stored energy. In general, most
of the capacitor released energy are consumed by circuit, in-
cluding wire and switch. Just a little part of it (8.4%—13.3%)
is transformed into electric spark energy. With the increas-
ing of capacitor stored energy, the proportions of spark en-
ergy and wire-consumed energy to capacitor release energy
increase gradually. While the proportion of switch-consumed
energy to capacitor-released energy decreases gradually.

The variation of power of electric spark induced plasma
with time follows exponentially damped sinusoids function.
With the capacitor stored energy increase from 10 J to 1000 J,
the maximum power of electric spark-induced plasma in-
creased from 700 kW to 1700 kW and the duration of the dis-
charge process increased from 0.01 ms to 0.05 ms.

We measured the histories of current and voltage of elec-
tric spark during the electric energy release process of capaci-
tors. It is found that both voltage and current can be expressed
as an exponentially damped sinusoids function

References
[1]1 ShiZ D 1992 Small Internal Combustion Engine 21 51 (in Chinese)

[2]

[3]
[4]

[5]

[6]

[7]

[8]

[9]
(10]

[11]
[12]

[13]
[14]

[15]
[16]
[17]
[18]
[19]

[20]
[21]

105202-6

Eckhoff RK 2002 Journal of Loss Prevention in the Process Industries
15 305

ChangYH and HanS B 2014 J. Auto. Technol. 15715

Shaw W L Dlott D D and Williams R A 2014 Propellants Explosives
Pyrotechnics 39 444

Biet J, Ndem M and Idir M 2014 Combustion Science and Technology
180 1

Zhang S Huisjen A and Zhu G G 2016 Proceedings of the Institution of
Mechanical Engineers Part D-Journal of Automobile Engineering 230
215

Tseng K H, Chiu J L and Lee H L 2016 Materials and Manufacturing
Processes 31 186

Maniere C, Pavia A, Durand L, Chevallier G, Bleyb V, Afanga K,
Peigney A and Estournes C 2015 Electric Power Systems Research 127
307

Wei X Giuntini D and Maximenko A L 2015 J. Am. Cerami. Soc. 98
3553

Albrecht H, Bless W H, Maly R, Saggau B and Wagner E 1977 SAE
paper 770853

Maly R and Vogel M 1979 Symposium on Combustion 17 821

Ziegler G F W, Wagner E P, Saggau B, Maly R and Herden W 1984
Trans. SAE 93 643

Sher E, Ish B Y and Kravchik T 1992 Combust. Flame 89 186

Zhang Y M, Liu Q M, Yu C and Wang J P 2014 High Voltage Engi-
neering 40 1267

State Bureau of Technical Supervision of China 1996 GB/T 16428 (in
Chinese)

International Electro Technical Commission (IEC) 1994 IEC Interna-
tional Standard CEI 61241-2-3

Comite Europeen de Normalisation (CEN) 2002 European Standard
EN 13821

American Society for Testing and Materials (ASTM) 2002 Standards
E2019-02

Liu Q M, Wang J P, Li L, Zhang Y M and Yu C 2014 High Voltage
Engineering 40 1255 (in Chinese)

Liu Q M and Zhang Y M 2014 J. Appl. Phys. 116 153302

Zhang Y M and Liu Q M 2015 High Voltage Engineering 41 547 (in
Chinese)


http://dx.doi.org/10.1016/S0950-4230(02)00003-7
http://dx.doi.org/10.1016/S0950-4230(02)00003-7
http://dx.doi.org/10.1007/s12239-014-0074-y
http://dx.doi.org/10.1002/prep.201400027
http://dx.doi.org/10.1002/prep.201400027
http://dx.doi.org/10.1080/00102202.2013.840296
http://dx.doi.org/10.1080/00102202.2013.840296
http://dx.doi.org/10.1177/0954407015583599
http://dx.doi.org/10.1177/0954407015583599
http://dx.doi.org/10.1177/0954407015583599
http://dx.doi.org/10.1080/10426914.2015.1037907
http://dx.doi.org/10.1080/10426914.2015.1037907
http://dx.doi.org/10.1016/j.epsr.2015.06.009
http://dx.doi.org/10.1016/j.epsr.2015.06.009
http://dx.doi.org/10.1111/jace.13621
http://dx.doi.org/10.1111/jace.13621
http://dx.doi.org/10.4217/770853
http://dx.doi.org/10.4217/770853
http://dx.doi.org/10.1016/S0082-0784(79)80079-X
http://dx.doi.org/10.4271/840992
http://dx.doi.org/10.4271/840992
http://dx.doi.org/10.1016/0010-2180(92)90027-M
http://dx.doi.org/10.13336/j.1003-6520.hve.2014.04.046
http://dx.doi.org/10.13336/j.1003-6520.hve.2014.04.046
http://dx.doi.org/10.1520/E2019-99
http://dx.doi.org/10.1520/E2019-99
http://dx.doi.org/10.13336/j.1003-6520.hve.2014.04.044
http://dx.doi.org/10.13336/j.1003-6520.hve.2014.04.044
http://dx.doi.org/10.1063/1.4898141
http://dx.doi.org/10.13336/j.1003-6520.hve.2015.02.029
http://dx.doi.org/10.13336/j.1003-6520.hve.2015.02.029

	1. Introduction
	2. Experimental device and principle
	2.1. Experimental device
	2.2. Evaluation methods for electric spark energy

	3. Experimental results and analysis
	3.1. Experimental results
	3.2. Results analysis
	3.2.1. The structure of energy distribution
	3.2.2. Dynamics of electric discharge process


	4. Conclusions
	References

