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The results of the spark channel expansion simulation in various gases such as hydrogen, oxygen and nitrogen
have been presented. Difference in thermodynamic properties of the various gases has been taken into account. In-
fluence of a type of gas on the discharge current, the spark resistance, the energy deposited in the spark and the spark
gas-dynamic expansion has been found out. Influence of initial species concentration in mixture of nitrogen, hydro-
gen and oxygen on detonation initiation by spark discharge has been discussed.
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INTRODUCTION

A study of a spark channel expansion in various gas-
es, such as hydrogen, oxygen and nitrogen, is of practi-
cal interest. This is due to an application of mixtures of
these gases with various initial species concentration in
the detonation technology where detonation initiation
produces by a spark discharge [1]. A separate study of
the spark channel expansion in hydrogen, oxygen and
nitrogen allows revealing a tendency of a change in the
species concentration for the detonation initiation by
spark discharge.

It is important to determine the energy deposited into
the spark channel and parameters of the shock wave
generated by the spark discharge to analyze the detona-
tion initiation process [2]. Also, a study of the process of
detachment of the shock wave from the conductive spark
channel is required. Investigations of these processes are
carried out both theoretically and experimentally [2, 3].
In this work, the study is carried out by numerical mod-
elling.

Numerical models presented in works [4, 5] are de-
signed to study the spark discharge evolution. When
these models are used to investigate the spark expansion
in various gases, it requires taking into account the dif-
ferences in the thermodynamic and chemical properties
of the gases. It is also necessary to take into account the
specific features of radiation heat transfer in various
gases [6], that requires a huge array of specific experi-
mental data and leads to a significant complication of
numerical models. Therefore, in this work, we used a
previously developed numerical model of the spark
channel expansion in various gases, intended for engi-
neering calculations with an acceptable accuracy, where
a consideration of the radiation heat transfer was simpli-
fied [7]. The validation of the model was carried out in
works [6, 7].

The objective of this study is to compare a spark
channel expansion in hydrogen, oxygen and nitrogen.
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A NUMERICAL MODEL OF THE SPARK
CHANNEL EXPANSION

Spark channel expansion was simulated by the gas
dynamic equations (continuity, momentum and energy)
for a dissociating gas expressed as [3]
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where p is the gas density; u is the velocity, p is the
pressure, ¢ is the internal energy of gas per the mass unit
of gas, ky is the heat conduction coefficient, E is the
electric field strength in the discharge channel column, ¢
is the plasma conductivity in the channel, W, is the
discharge energy radiation loss, r is the radial coordi-
nate, t is the time, T is the temperature, y; is the molar
concentration of the i-th species, wj is the chemical reac-
tion rate of the i-th species (O, O,; H, Hy; N, Ny).

Details of the total numerical model, boundary con-
ditions and the simulation procedure are presented in
works [3].

Difference in thermodynamic properties of the vari-
ous gases was taken into account. So, specific heat ca-
pacity Cpo at constant pressure, species molar enthalpy
HC and species molar entropy S° are defined as:
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where a, are coefficients which were taken for various

gases [8].

Difference in a molar mass of the various gases was
considered in the state equation.

Non-equilibrium chemical kinetics was considered to
simulate dissociation/association process in hydrogen,
oxygen and nitrogen (Table 1).

Table 1
Reactions, rate coefficients in cm®, mol and s
and activation energy in [cal/mol]

No. Reaction A n E
1| 0+0+M o 0, +M 1.2-10% -1 |0
2| H+tH+M o H,+M 1-10" -1 |0
3| N;,+MoN+N+M | 8.50810% | -2.25 |225

Where M is a third body (O, Oy; H, Hz; N, Np).

The rate coefficients were found out by equation
-E
ki =[M]- AT ™ exp| —2& |, 5
N e e
where [M]=>"ayly;]; aq are third-body collisions
i

coefficients for various species (Table 2).
The reverse reaction rate is calculated from the for-
ward rate and the equilibrium constant.

Table 2
Third-body collisions coefficients ay; for species
Species O,| O|H,| H|N| N

Collisions coefficients 1 11171 1|1

A local thermal equilibrium model was applied to
evaluate the electrical conductivity of gas in the region
where the gas temperature exceeds 8000 K. The conduc-
tivity of the gas located outside this region was neglect-
ed. So, Saha ionization equation was used for the calcu-
lation in singly ionized gas (hydrogen) and doubly-
ionized gas (nitrogen and oxygen), where the following
degeneracy of states g; for the atoms and ions and ioni-
zation energy |; were used (Table 3).

Table 3

Degeneracy of states and ionization energy in [eV]
+| 1 + +| 1 bl Y B s &
Parameter| S| 8| ol S| S| S| 5| 2| 2| 5| 2| =| 2
[oe] < Lo
©o|ldlo|H|
Value |[9|419(2[1(4|9|6 || |o|<|2
S R SR

A capacitor discharge was investigated. Thus, a se-
ries RLC-circuit with a variable spark resistance was
calculated. A capacitance of C = 0.1 uF, an inductance
of L = 2 uH and a circuit resistance of R, = 1 Q were
applied. The charge voltage was Uc = 30 kV. The total
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energy was 45 J. A spark gap length was 1 mm. Circuit
parameters were the same for various gases.

Energy of 2.2 mJ was deposited in the region with
radius of 0.1 mm by time of 10 ns to form a narrow con-
ductive spark channel. Than energy deposition depended
on the discharge current.

SIMULATION RESULTS

A current for discharges in the various gases is pre-
sented in Fig. 1. It was found out that the current did not
depend significantly on a type of gas for the considered
discharge circuit.
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Fig. 1. The discharge current over time for various
gases

The similar discharge current happened because the
difference in the spark resistance in case of various gas-
es was not high and the average spark resistance was
lower than the circuit resistance and the inductive reac-
tance.
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Fig. 2. The spark channel resistance over time for dis-
charges in nitrogen (1), hydrogen (2) and oxygen (3)

So, the oscillation period is about Tos, = 2.9 ps (see

Fig. 1). The inductive reactance is X :%L: 43Q

and the circuit resistance is 1 Q. For comparison, the
average spark resistance is about 0.01 Q (Fig. 2).

The energy deposited in the spark channel over time
at the calculated circuit for discharges in nitrogen, hy-
drogen and oxygen is shown in Fig. 3. It is observed an
increased energy deposition for discharge in hydrogen in
comparison with discharges in nitrogen and oxygen. The
difference is especially high during the first semi period
of the discharge.

The energy difference between discharges in hydro-
gen and nitrogen at 1.4 us exceeds 10 % and the differ-
ence between discharges in hydrogen and oxygen is
about 20 %. But during a further spark evolution, the
energy difference between discharges in hydrogen and
nitrogen reduces.
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Fig. 3. The energy deposited in the spark channel over
time for discharges in nitrogen (1), hydrogen (2),
and oxygen (3)

Results of the pressure history into the spark channel
for discharge in the various gases are given in Fig. 4.
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Fig. 4. Distribution of pressure along the radial coordi-
nates at time of 1, 2, and 4 us for discharges in nitro-
gen, hydrogen and oxygen

It is observed that the intensity of a shock wave gen-
erated by spark discharge depends on a type of gas. The
highest pressure ratio in the shock wave front at the
same time corresponds to the spark expansion in oxy-
gen. The lowest pressure ratio is exceeded for the dis-
charge in hydrogen. So, a maximum of the pressure is
about 4 MPa at time of 1 us for the discharge in oxygen
and the maximum is about 1.2 MPa at such a time for
the discharge in hydrogen. According to the gasdynam-
ics theory, the pressure rise Ap at the intensive shock
wave is calculated by an equation

2 2
Ap erlPlul ; (6)
where v is a heat capacity ratio, p; is gas density, u; is a
shock wave speed.

Thus, a reason of the pressure ratio reduction for the
discharge in hydrogen is connected with the low density
of hydrogen in comparison with the density of oxygen or
nitrogen. So, the density of oxygen is 16 times higher
than the density of hydrogen at standard conditions. But
the reduced density is compensated by the increased
shock wave speed for the discharge in hydrogen. So, the
shock wave speed is about 4000 m/s at time of 1 us for
the discharge in oxygen and the wave speed is about
2000 m/s at such a time for the discharge in hydrogen.
Thus the shock wave speed increased by 2 times and we
have a well correlation of the pressure rise by equation
(6) with change the density and the wave speed.

Comparison of the temperature distribution during
the spark expansion in the various gases is given in
Fig. 5. Arise in intensity of the spark channel expansion
causes a fall in the gas temperature.
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Fig. 5. Distribution of temperature along the radial
coordinates at time of 1, 2, and 4 us for discharges in
nitrogen, hydrogen and oxygen

So, a maximum of temperature located near axis of
the spark channel is about 19.000 K at the time of 1 us
for discharge in oxygen. The radius of the current-
conducting channel is about 2 mm at such a case. For
comparison, a maximum of temperature is about
9.000 K for discharge in hydrogen at the time of 1 ps
and the channel radius is about 4.5 mm. But during the
spark expansion the gas temperature is variable in a
wide range for discharges in nitrogen and oxygen, fall-
ing from 15.000..19.000 K at time of 1lus to
9.000...11.000 K at time of 4 us. For discharge in hy-
drogen, the temperature of the current-conducting chan-
nel is from 8.500...9.500 K at time from 1 to 4 ps.

Results of the density history into the spark channel
for discharges in nitrogen, hydrogen and oxygen are
presented in Fig. 6.
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Fig. 6. Distribution of gas density along the radial co-
ordinates at time of 1, 2, and 4 us for discharges
in nitrogen, hydrogen and oxygen

The density distribution allows analyzing a detach-
ment of the shock wave from the current-conducting
channel because a region of the low density corresponds
to the channel and a region of the density rise reflects a
location of the shock wave. It is observed that the de-
tachment process is accelerated for discharge in hydro-
gen if we compare this process for discharges in nitro-
gen and oxygen.

Distribution of gas conductivity along the radial co-
ordinates at the various times for discharges in nitrogen,
hydrogen and oxygen is presented in Fig. 7.

It is observed reduced gas conductivity for discharge
in hydrogen in comparison with the conductivity for
discharge in nitrogen and oxygen. The reduced conduc-
tivity caused by the decreased gas temperature in the
current-conducting channel.

The obtained results allow determining an influence
of initial species concentration in mixture of nitrogen,
hydrogen and oxygen on detonation initiation by spark
discharge.

167



100

50

2us
i

l"..4 s

i 10 7rgp, mm

]

Fig. 7. Distribution of gas conductivity along the radial
coordinates at time of 1, 2, and 4 us for discharges in
nitrogen, hydrogen and oxygen

Growth in the hydrogen concentration leads in par-
ticular to a rise in the energy input by spark discharge.
An intensive detachment of the shock wave from the
current-conducting channel for discharge in hydrogen
promotes to start the oxidation chemical reactions.

CONCLUSIONS

Numerical investigation of spark channel expansion
in hydrogen, oxygen and nitrogen allows determining
changes in the energy deposition and the spatial distribu-
tion of the thermodynamic gas parameters during the
spark evolution. It was found out that the current did not
depend significantly on a type of gas. An increased en-
ergy deposition happens for discharge in hydrogen in
comparison with discharges in nitrogen and oxygen. The
highest pressure ratio in the shock wave front at the
same time takes place for the spark expansion in oxygen
and the lowest pressure ratio is exceeded for the dis-
charge in hydrogen. A rise in intensity of the spark
channel expansion causes a fall in the gas temperature. It
is observed reduced gas conductivity for discharge in
hydrogen in comparison with the conductivity for dis-
charge in nitrogen and oxygen.

The obtained results can be used to determine an in-
fluence of initial species concentration in mixture of

nitrogen, hydrogen and oxygen on detonation initiation
by spark discharge.
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CPABHEHME PACIHIUPEHNSA NCKPOBOI'O KAHAJIA B BOJOPOJIE, KHCJIOPOJE U A3OTE

K.B. Kopvimuenxo, 10.B. Kawmanckuii, O.B. Yepxkawun, /1.10. benwuenxo, A.B. Makcumos, A.H. Huxopuyk,
I1.B. Yepnenko

TIpencraBneHsl pe3yabTaThl MOACTUPOBAHUS PACIIMPEHHUS HCKPOBOTO KaHala B PA3IMYHBIX Ta3ax, TAKUX KaK BO-
JIOPOJI, KUCIIOPOJ U a30T. YUTCHO paziuyure B TEPMOJUHAMHUYECKUX CBOMCTBAX Pa3IMYHBIX r'a30B. BIsIBICHO BIMS-
HUE TUTIA Ta3a Ha Pa3psIHBIA TOK, HICKPOBOE COMPOTHUBIIEHHUE, SHEPTHUIO, BIIOKEHHYIO B HUCKPY, W Ta30JMHAMUYECKOE
pactmpenue UCKpbl. OOCYXIeHO BIMSHUE HaYaIbHON KOHIICHTPAIMH YaCTHUI] B CMECH a30Ta, BOJAOPOa U KUCIOPO-
Jla Ha MHUITUMPOBAHKUE JETOHAIIMN UCKPOBBIM Pa3psioM.

MMOPIBHAHHSA PO3IIUPEHHSA ICKPOBOT'O KAHAJIY Y BOJAHI, KHCHI TA A30TI

K.B. Kopumuenko, I0.B. Kawancwokuit, O.B. Yepkawun, /1.10. benouenxo, A.B. Makcumos, A.1. Hikopuyk,
I1.B. Yepnenxo

[IpencraBneni pe3ynbTaTi MOJEITIOBAHHS PO3MIMPEHHS ICKPOBOTO KaHATY B PI3HMX Ta3ax, TaKHUX SIK BOAEHB, KH-
CeHb 1 a30T. BpaxoBaHO BiMIHHICTh Y TEpMOIUHAMIYHHX BIACTHBOCTSX PI3HMX Ta3iB. BHSABIEHO BIUIMB THIy razy
Ha PO3pATHMI CTPYM, ICKPOBHH OIIip, EHEPTiI0, BKIAZCHY B iCKpY, 1 Ta30AMHAMiuHe po3mupeHHs ickpr. OOroBopeHo
BIUIMB ITOYaTKOBOI KOHIIEHTpAlii YaCTWHOK Y CyMIMI a30Ty, BOJHIO 1 KUCHIO Ha IHIMIIOBaHHS JETOHAIl ICKPOBUM
po3psIoM.
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