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Two-Dimensional Model for Spark Discharge Simulation in Air

M. Akram*
Lund Institute of Technology, Lund S-221 00, Sweden

A two-dimensional model simulating the hydrodynamic behavior of the plasma produced by an ultrafast pin-
to-pin electrical spark discharge in air is presented. The plasma is considered to behave like nonviscous, single-
substance, nonpolar, heat-conducting fluid. It is assumed that local thermodynamic equilibrium prevails within the
domain of calculation. The energy input is determined by a prescribed electric current, coupled with a computation
of plasma conductivity. Radiative losses from the domain also are considered. The model employs an equation
of state for air that includes the effects of vibration, ionization, and dissociation energies at high temperature.
Governing equations are solved numerically using the MacCormack time-splitting technique. An explicit artificial
viscosity term is introduced into the equations, and flux-corrected transport is used as a postshock oscillation
damper. The results show that the hydrodynamic effects and electrode geometry are responsible for the formation

of a torus-like plasma kernel.

Nomenclature
Ag, A1, A, = extents to which dissociation, first ionization, and
second ionization have proceeded
B = magnetic intensity

b = body force

Co, Ci, C; = constants in the equations of state, depending on
the statistical weights of the particles in the
plasma

c = speed of light

cy = local speed of sound in a medium

E = electric field

e = total (internal + kinetic) energy density

h = Planck’s constant

h = heat flux vector, —« grad 8

Iy, 11, I, = dissociation, first ionization, and second
ionization energies, respectively

J = electric current

Ky = absorption coefficient

k = Boltzmann’s constant

m = linear momentum density with components
(m,, mg, m;), such that m, = pu, etc.

4 = pressure

N = gas constant

sy = joule heating

SR = radiative losses

T = Cauchy stress tensor

14 = velocity field with components u, v, w in
cylindrical coordinates

= electron velocity

= specific internal energy

= absolute temperature

= vibrational temperature

= thermal conductivity

= electrical conductivity

= unit tensor
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Introduction

HE increasing pollution poses a threat to. the survival of living

creatures on our beloved planet Earth. To reduce emission of
unwanted gases from the internal combustion engine, it is required
to run it on reasonably lean fuel mixtures, which is not possible with
the conventional ignition systems. Thus, for better understanding of
spark ignition of gas mixtures, it is important to study the evolution
of flow in the early phase of the electrical discharge, especially for
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ultrafast ignition systems. These systems are designed to supply
comparatively higher power into the mixtures. In a typical system,
the electrical current rises to some hundreds of amperes in about
some tens of nanoseconds after breakdown and then drops down to
milliamperes in about a few hundreds of nanoseconds.

During the past decade, study has focused on the evolution of the
plasma kernel from a spark discharge. The hypothesis put forward
by Chomiak! that the entraining cloud that propagates from a con-
ventional axial spark can itself be considered as a hydrodynamic
puff, has been supported by the studies of Haley and Smy.?> Here
the blast-wave theory has been used to explain the puff, and the
flow pattern is observed with schlieren photographs. The evolution
of the plasma kernel for short-duration sparks in an inert gas is pre-
sented, where the expansion of a hot plasma kernel into cold gas is
modeled by equations of gasdynamics.? The influence of electrode
configuration is studied and supported by experiments.

It is demanding to study the evolution of a flowfield just after
the breakdown and while the energy is still being put into the sys-
tem. Because the electrical properties of hydrocarbons are not well
known, air has been chosen for this study. The breakdown of the
gas occurs in about 1 ns after the current is switched on and in
about 10 ns an electrically conducting channel of about 40-xm ra-
dius and temperature as high as 60,000 K is formed.* In the work
reported here, the breakdown stage is assumed to be in the form of
a thin plasma channel in which local thermodynamic equilibrium
can be assumed. The plasma is assumed to be a neutral, single-
substance material with homogeneous properties. This paper is the
two-dimensional extension of work already presented,” where a one-
dimensional cylindrically symmetric, transient, Lagrangian hydro-
dynamic model is given for the spark-discharge simulation. For
one-dimensional cylindrical symmetry, one assumes the spark gap
to be infinitely long, which is far from reality considering the study

" of the laboratory-scale sparks. For such studies, the so-called edge

effects cannot be ignored, and at least a two-dimensional model is
required for adequate understanding of the phenomena. By assum-
ing an axial symmetry in cylindrical coordinates, a two-dimensional
model is formulated and solved numerically.

Because the advantages of working in Lagrangian description
diminish when we extend our model to two space dimensions, the
Eulerian description of the fluid motion is adopted. The assumptions
made regarding the physical model described previously® and given
in the next section remain the same except the symmetry condition.
Instead of cylindrical symmetry, an axial symmetry is assumed. This
means that all dependent variables are functions of r and z (radial
and axial coordinates, respectively). Electrode geometry is intro-
duced and the effect of heat transfer to electrodes and the changes
in flowfield are studied. Two types of electrode pins are studied,
namely, cylindrical with tapered tip (case I) and cylindrical with
plane tip (case II).
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Initially, it is assumed that a cylindrically symmetric breakdown
channel is formed, thus introducing the breakdown phenomena into
the initial condition for this model. Different initial conditions re-
garding the size, pressure, and temperature of breakdown channel
also are studied.

Physical Model

The theoretical model presented here is based on the following
assumptions:

1) No body forces are present, i.e., mechanical or electromagnetic.

2) Single-substance material, i.e., all constituents of the plasma,
behave identically as far as their thermomechanical response is con-
cerned.

3) Axial symmetry in cylindrical coordinates (r, ¢, z), i.e., flow-
field is independent of ¢ coordinate.

4) Conditions for local thermodynamic equilibrium (LTE) prevail
throughout the time domain of computation.

5) The magnetic field generated by the electrical current passing
through the plasma is negligible.

Assumptions 2 and 4 are not totally justified. The presence of
an electric field influences the equilibration time; the difference
in electron and ion/neutral temperatures decreases with increasing
ion/neutral temperature and electron density. In most of the sparks,
this process of thermalization takes place in about 10 ns, and the
plasma becomes a homogeneous mixture of different particles (elec-
trons, ions, and neutrals) in which local thermodynamic equilibrium
can be assumed.* Therefore, about 10 ns after the onset of spark,
the further evolution can be studied without a substantial error.

Equations of Motion
The general equations governing the motion of a nonpolar single-
substance continuum material, ignoring nonlocal effects and con-
fining the role of electromagnetic influences only to joule heating,
are as follows:

p = —pdivy (conservation of mass) (1)
ov = pb+divT (balance of momentum) 2)
T=17 (balance of moment of momentum) 3)

pé = tr(TT gradv) — divh + 55 + sz (balance of energy) (4)

Here, p is the mass density and T is Cauchy’s stress tensor with
components such that T = e;Tj;e; = Tjze; ® e;. The specific in-
ternal energy € represents the energy stored internally in the body
per unit mass and is a macroscopic reflection of things such as the
chemical binding energy, the intermolecular energy, and the en-
ergy of molecular vibration; it also may include the dissociation
and/or the ionization energy. Among the heat flux vector compo-
nents (h,, hy, h,), h, denotes the amount of heat per unit area per
unit time that crosses a surface normal to the r axis in the increas-
ing r direction; s, is the heating source, sy is the heating sink, and
the superimposed dot over a variable stands for the material time
derivative.

With the given assumptions, Eqs. (1), (2), and (4), using the
symmetry property of stress tensor T [i.e., Eq. (3)], can be writ-
ten in a so-called conservative form by introducing new variables,
i.e., mass density p; linear momentum density m having compo-
nents (m,,mg, m;), where, for example, m, = pu; and e — [e =
ple+ %v - v} total (internal plus kinetic) energy density as primitive
variables. :

Mass conservation:

dp dm, om, m,

— =0 5
dt ar Bz+r ©

Balance of momentum:

om, 3 (m? 3 (m.m,
o LD == _T
i +ar(p ”)+az( P )
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Balance of energy:
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Equations (5-8) are to be supplemented by the constitutive as-
sumptions for the Cauchy stress tensor and the heat flux vector.
Moreover, explicit definitions for the terms s; and sy also are re-
quired. Finally, thermal and caloric equations of state for real air/gas
are added, and the system is complete for solution.

Constitutive Assumptions

The constitutive assumptions for stress tensor 7 and heat flux
vector h are taken to be

T=—p1 ©)
h = —kgrad@ (10)

where p is hydrodynamic pressure and @ is absolute temperature.

It is well known that heat transfer by thermal conduction and
momentum transfer by viscosity are of the same orders in a single-
substance material.® Thus, ignoring one of these automatically
means neglecting the other. In the case under consideration, there
are free electrons that play an important role in the thermal conduc-
tion but has little effect in the momentum transport because of their
very low mass as compared to ions and neutrals. Thus our consti-
tutive assumption of introducing thermal conduction and ignoring
viscosity is justified here.

The real air is replaced by a hypothetical diatomic gas; consider-
ing the contribution of vibrational degrees of freedom to the internal
energy and taking the molecular weight, rotational moment of in-
ertia, energies of dissociation, first and second ionization, and the
statistical weights of the ground states (including low-lying excited
states) of the molecular, atomic, and ionic species to be the weighted
averages of the corresponding quantities for nitrogen and oxygen.
This equation of state misrepresents air in the temperature range
3000-9000 K, because the dissociation energies of O, and N, are
very different, but at temperatures above 10,000 K, the approxima-
tions made are much better, because the ionization potentials of ni-
trogen and oxygen are quite similar for temperature above 10,000 K.
On the basis of these assumptions,” we write the equations of state
used here.

Thermal equation of state:

p = pRO[1 + Ay +2(A; + Ay)] (11
Caloric equation of state:
e =RO[3(5+ Ag) +3(A1 + A)] + Aoly + Arly + AL, (12)

where
-1
Ap = 2[1 +(+ 230)%]
By = Copb}[1 — exp(—6v/8)] ' exp(ly/910)
11 3 13)
A =2[1 +(1 +231)7] ., B =Cip8 3exp(l,/200) (
1q—1
Ay =21 +2B, + (1 + 6B, + B})’ |

B, = Co00" 3exp(1,/2910)
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Table 1 Values of constants

Parameter name Value Units

Gas constant R 2.880946 x 10? JKTkg!

Specific dissociation 2.930557 x 107 Jkg~!
energy Iy

Specific first ionization 9.591766 x 107 Jkg~!
energy Iy

Specific second ionization 2.062056 x 108 Jkg™!
energy I

Constant in Saha equation for 4.817588 x 104 mP K3/ 2kg~1
dissociation Cy

Constant in Saha equation for 1.101416 x 10* mK>32kg~!
first ionization C;

Constant in Saha equation for 1.033965 x 104 m K3/ 2%kg~!
second ionization Co

Vibrational temperature 6, 3150.0 K

Density of air py 1.172358 kgm3

Temperature 6y 300.0 K

Pressure pyg 1.01325 x 10° Pa

In the above expressions, the A; are the extents to which disso-
ciation and ionization reactions have proceeded (0 < A; < 1), the
I; are the specific energies of dissociation or ionization, 6, is the
vibrational temperature, and the C; are constants dependent on
the statistical weights, and so forth, of the respective particles. The
values of all these constants used here are given in Table 1.

Electrical Power Input (Joule Heating)
The electrical power input to the gas is given by

sp=(j-BE) (14

where j is the electric current and E is the electric field. The consti-
tutive relation for the electric current j is given from the generalized
Ohms law® and is

Jj=oE+v, x B) + p.v. (15)

where p, is the excess charge density, o is the electrical conductivity
of the plasma, and v, is the charge velocity field. Assuming the
plasma to be electrically neutral and the magnetic field generated
by the electric current to be negligibly small, we are left with

j=0E (16)

The electrical conductivity o of the plasma [in the units (Qm)~'1is
given by’

4273 x 1078(A; + Ap)6~?
T 2x10°5(1 - Ay + Ayg

where the average electron—ion cross section a; is

A +3A2)2

an

— —69—2
a; =2.8x107°0 (A1+A2

(1727 x 107441 + A8
Xlog[1727>< (A1 + Ay) } a8)

(A; +3A2)(A;p)¥

Using the prescribed (measured experimentally) electric current, the
electric field can be calculated from Eqs. (16) and (17). Therefore,
the electrical power input into the plasma through joule heating
(in the units Jm~3s~!), with the further assumption that electrical
current flows in the z direction only, is given by the relation

(19)

sy =<7EZ2

Energy Transfer by Thermal Conduction

The mechanism of thermal conduction in a gas depends upon
temperature; at low temperatures, energy transfer takes place via
collisions between heavy particles, whereas for an ionized gas, con-
duction by electrons predominates. For molecular gases, still another
process is important at intermediate temperatures—the transport of
recombination energy across atom—molecule concentration gradi-
ents. To include all of these processes, the coefficient of thermal

conductivity « is considered to be the sum of 1) ,, the thermal con-
ductivity by electrons; 2) ., the magnitude of the contribution from
the diffusion of the recombination energy; and 3) «, the contribu-
tion of neutral particles. The thermal conductivity of the plasma (in
the units Jm~!s~1K~!) is assumed to be given by

K=K, + K:+ Ko

k. =0.1488 x 107706

(20)
d4o
=22 x 105,540
a T

Ko = 1.0 x 1072(1 — A,)6?

Radiative Energy Transfer

Two types of radiative heat losses are considered here. Radia-
tion energy loss in the long-wave region attributable to free—free
transitions (bremsstrahlung, in the units Jm=3s~!) is given by

3
Al + 34,
sr) ;r = —2.457 x 101193 A2 21T 272 21
(sR) ¢ X \ 274 @2n

The other loss term was obtained by assuming some absorption
coefficient K, which was applied to the whole blackbody emission
curve. Coefficient K, is arbitrarily chosen such that the photon mean
free path, referred to the gas density in the undisturbed atmosphere,
is 1 cm, i.e.,

(Kppo) ' =1.0x10"%m (22)

The radiative loss attributable to blackbody emission (in units
Jm™3s~1} is then given by

83k4 4

(sr)p = —WKWG (23)

The net rate of radiative energy loss is the sum of the above two
terms:

sg = (SR) 7 + ()b (24)

Numerical Solution

Using Egs. (9) and (10), Egs. (5-8) can be compactly written in
the form of the following vector equation:

3U+3G+3H+®_0 (25)
ot or 0z -
where
U=I[p,m,m,el"

G = [m,, (m2/p) + p, (m,m./p), (m,/p)(e+ p) +h,]

H = [mg, (m,m,/p), (m/p) + p, (m./p)(e + p) + h.]'

@ = {(m,/r), (m2/pr), (mym,/p,),
(A/N[m,/p)(e + p) + .1 — 55 — sg)"

a6
hy = —k—; th—K%
9z

and s; and s are defined by Eqs. (19) and (24), respectively.
Equation (25) is solved using the MacCormack time-splitting
scheme. %! The scheme is second-order accurate. An explicit arti-
ficial viscosity term of the type
U
‘ ] (26)

ar

jul +co
4p

¥p

ar?

_ 19
S =a(Ar) Br[
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for direction r and

¥p

972

w| + co

a
T = 4
a(Az) Bz[ ap

aUu ] @n

3z

for direction z, which are equivalent to fourth-order diffusion and
are introduced in the respective equations. In Egs. (26) and (27),
¢y is the local speed of sound and 0 <a <0.5 is a stability factor
(taken equal to 0.125 in all calculations reported here). Further, these
terms have a very small magnitude except in the regions of pressure
oscillations. Phoenical type of the flux corrected transport (FCT)
algorithm is used for the better resolution of the shock wave and
other steep gradients appearing in the flowfield.!2

Computational Domain and the Mesh

The geometry of the system under consideration is illustrated in
Fig. 1. L and M are the two metallic cylindrical electrodes with
tapered facing ends (case I) and with plane facing ends (case II).
The facing ends are considered to be flat here. In experimental setup
it is difficult to get a symmetrical spark with this kind of pin and, in
reality, some hemispherical-like curvature is necessary. This little
abstraction facilitates the mesh generation. Because of axial symme-
try the computational domain is reduced to ABCDEE'D'C'B'A’
incaseland to ABDEE'D’'B’'A’ in case I1. The computational do-
main is divided into a square mesh. The angles ABC and A’B'C’
are assumed to be equal to %n, so that the subboundaries BC and
B'C’ always fall on the grid points.

Domain of Computation and Initial Conditions

The electrode radius is taken equal to 0.5 mm. The domain of
computation ranges from 10 ns to 40 usin ¢, 0 to 6 mm in r, and
—~4.5 to 4.5 mm in z. The spark gap is taken to be 2 mm. The elec-
trical current-time curve given by Borghese et al.!3 is used in these
calculations and is given in Fig. 2. This curve is used to calculate the
source term s; throughout the computations. For initial condition, it
is assumed that at 10 ns after switching on the electric current into

7 D E T D E

: :
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Fig.1 Electrode geometry and the computational domain.
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Fig. 2 Scaled waveforms vs time (ns): j = electric current taken from
Ref. 13 (Max j = 385 A); GV = calculated gap voltage (max GV =16kV),
+ = experiment (max V = 12 kV); and Ej = calculated energy entering
the gas (max Ej = 12 mJ), * = experiment (max E = 14 mJ).

the spark circuit, a cylindrical breakdown channel of radius 0.05—
0.1 mm is formed with temperature on its axis of symmetry equal
to 7.5 x 103-15 x 10% K. Variation of channel parameters in the
range given here has negligible effect on the further evolution of the
flowfield. Because at this time the gas/plasma has not moved much,
the density is assumed to be that at atmospheric level. Pressure in
the channel is calculated from these values of density and temper-
ature. Flow velocity is taken to be zero everywhere in domain of
computation at initial time. The temperature is distributed smoothly
(decreasing exponentially) in and around the channel such that it is
equal to room temperature at a point two channel radii away from the
axis of symmetry. The initial distribution of the primitive variables
is cylindrically symmetric.

Boundary Conditions

The boundary AA’ is symmetrical, i.e., here ¥ = 0, and the radial
component of the space gradient of all dependent variables vanishes.
The boundaries ABCD, A'B'C'D’ incase I and ABD, A'B’D' in
case II are treated as slip walls serving as an infinite heat sink. The
normal (to the surface) component of velocity is assumed to be zero
on these boundaries, and the temperature inside the electrodes is
kept at 300 K by introducing a grid line inside electrodes. The grid
points inside the electrodes are used only to calculate the heat flux
directed into the electrodes. Further, the gradient of specific internal
energy and density'is assumed zero to calculate these quantities at
the boundary points. The boundaries DE, D’'E’, and E E’ are treated
as far-field boundaries, i.e., the normal component of space gradi-
ent of all dependent variables at the boundary under consideration
vanishes.

Numerical Scheme
Let U; denote the value of U at the space point (r;, z;) in the
rz plane and the time level ¢". Now, given the values U;; at the n
time level, the solution at a higher time level is calculated with the
following scheme:

Ul = Ly(At)L(AL) L (AL) L, (AU}, (28)

The operators L,(At,) and L,(At,) are one-dimensional two-
step predictor—corrector difference operators corresponding to the
MacCormack scheme. L,(At,) is defined by un = L. (A)U?,
such that

U:j = U,-fj — (At /Ar) (G?+l.j + S:_'_ Wi G:j - S?‘j) - At,.CD;-'ij
(29)
Ut = 3[Us; + U} = (A /Ar)
x (GI;+ 87, = Gi_y; = ST_y,) = A ] ] (G0
where

Sii= a|:(|u;~’,,~l +cf))

. |(pry Lj — 2Pl + PP 1,,-)|
(Pryo; +2p5+ Pro1))

W, -vr. )]

5= a[<|uf,,~| )

§ |(P?‘+1‘j - 2p,-—*:j + Pi;i—x,j)‘ Ui, - UF)
Py +2p5+p00,) Y

Similarly, the operator L,(At,) is defined by Ut =L (AU,
such that

Ul =07 - (AL /DDY(HY + B — B = ZF))

Ut

*
»J

= 3[Uf; + U}, — (At A9y (HF + BF, — H )]

ij~1 -
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where
=
[ |(Pi*j+1_2P7j+pfj—1)[ :I
al (|wf ;| +cf; . : - ur, -us,_
_(l e (Plje1+200; + Pii-1) (Vs = Vi)
T =
[ . i I(Pi;j+1_2Pz';j+PfjA1)| % % ]
al (jw?;| +¢; = 2 = us . ,-U’,
_(| .j| ,1) (p;fj+1+2pifj+p:j—1) ( iLj+1 vJ)

An additional heat-loss term for electrodes, derived from Fourier
law, is added to the operators while operating on a grid point adjacent
to the electrode surface.

To maintain the truncation error uniform near the boundaries, the
order of differencing is switched over in predictor—corrector after
every two time cycles. To maintain the order of accuracy of the
scheme, special care has been taken in evaluating fluxes G, H, and
the source term &. The derivatives appearing within G or H are re-
placed by the differences opposite to those used for the derivatives
of G or H themselves. For example, in the case when (8G/dr) is
replaced by forward difference, the term h,[= —« (36/3r)] appear-
ing in G has to be replaced by backward difference, and vice versa.
The differential operators appearing in ® are replaced by difference
operators having the same order of differencing as for replacing
aG/or.

The phoenical type of FCT (Ref. 12) is applied in the same space
direction just after the application of the respective operator in that
direction. Special care is taken to calculate diffusive and antidiffu-
sive fluxes in the z direction close to the electrodes. During compu-
tation, it is ensured that the heat flux is always directed toward the
electrode surface in the grid line adjacent to it.

The time steps At, and At, are calculated independently from
Courant—Friedrichs—Lewy (CFL) stability criterion in the radial and
axial directions. To make the operator symmetric in Eq. (28), we
choose the time step A¢ such that

At = min(At,, At,) (31

The space mesh size is the same in both r and z directions. The
minimum mesh size was about 0.05 x 0.05 mm. The time step
corresponding to this mesh was about 1 ns at the time of peak power
input. It increases at later stages.

Given the initial condition, the solution at a higher time level is
obtained by applying the difference operators L, and L, in the se-
quence prescribed by Eq. (28). First, consider the application of L,.
Solution at a higher time level is predicted by the use of Eq. (29).
Temperature and pressure are calculated from predicted values of
specific internal energy and mass density, using state equations (11)
and (12). Equation (12) is nonlinear in temperature and is solved
numerically using the method of false positions. An appropriate so-
lution interval for temperature is estimated from the temperature
at the previous time level and the application of the mean-value
theorem from mathematical analysis. The temperature and density
values are then used to calculate joule heating and radiative losses
at a predicted level. Now, the solution is corrected with Eq. (30).
The phoenical type of FCT is applied in the r direction over the
corrected solution with the help of the solution at the previous time
level. Temperature and pressure are calculated at the corrected level,
as stated above. This completes the application of the operator L,.
Other operators are applied in a similar manner, using the appropri-
ate corresponding equations.

The accuracy of the numerical scheme is checked by the standard
procedure of mesh refinement. No significant dissimilarities regard-
ing amplitude and speed of the shock wave are observed when mesh
size in both directions is reduced by half.

Results and Discussion

The experimental results reported by Borghese et al.' are used
to compare with the model (case I). The electrical current measured

is used in the calculations as input. The spark gap is 2 mm, and
air is used instead of nitrogen. The electrode geometry is slightly
different in the experiment as compared to case I. Figure 2 shows the
normalized waveforms of the spark voltage (GV), electric current
(i), and joule energy (Ej) as a function of time, along with their
maximum values compared to the measured values. The time history
of the calculated waveforms fairly matches with the experiment;
however, the absolute maximum values differ slightly. The model
gives 12 mJ as the gap energy compared to 14 mJ, and 16 kV as the
gap voltage compared to 12 kV.

The mass density in the equatorial plane at 5 and 10 us is com-
pared with experimental values in Fig. 3. The wave position is fairly
close. The difference in the two distributions behind the wave might
be because of the difference of electrode geometry. Later, we see
that this influence is quite strong.

Calculations show that in both cases of electrode geometry the
shock wave starts separating from plasma kernel at about 0.5us
and at 2 us it has left the plasma kernel far behind (Fig. 4). The
velocity field at the same time is plotted in Fig. 5, where the flow
ahead of the wave is undisturbed. The wave emerges out of the gap
grazing over the surface, facing sudden expansion (for case II) in
the z direction, in which the momentum of the gas is almost zero.
A rarefaction wave is generated, causing a backflow into the gap.
This rarefaction effect is stronger in case Il than in case I, where the
slanting surface of the electrodes has provided gradual expansion.
The loss of shock overpressure can be seen near the electrodes. The
maximum pressure in the wave front is around the z = 0 line and
decreases gradually as we move along the wave front toward the
electrodes.

0 2 4 6

r {mm) r (mm)

a) 5 us, curve (model case I);
*, experiment

b) 10 us, curve (model case I);
+, experiment

Fig. 3 Comparison of scaled (with atmospheric value) mass density
with experiment.

- =)
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| S~ 3“_]
"

2 2
3 1 2 3 4 3 1 2 3 4
r (mm) 1 (mm)
a) Case I b) Case II

Fig. 4 Plasma kernel k£ and shock wave s at 2 us for 2-mm spark
gap. The plasma kernel is plotted as isotherms and the shock wave as
isobars, both in the rz plane. Empty spaces on upper and lower left
corners marked with a boundary line are electrodes.
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a) Case I
Fig.5 Velocity vector field at 2 us for 2-mm spark gap.

b) CaseII

3 3

2 2

1 | ==
- s s
Eot || ¥ 0 k
~N

-1 ] [t

2 -2

3t -3

r (mm) ' 1 (mm)

a) Case I b) Case I1

Fig. 6 Plasma kernel k and shock wave s at 5 us for 2-mm spark gap.
The plasma kernel is plotted as isotherms, and the shock wave as isobars,
both in the rz plane. Empty spaces on upper and lower left corners
marked with a boundary line are electrodes.

a) Case I

b) Case II
Fig. 7 Velocity field at 5 ps in the rz plane,

At 5 us, the electric current has already gone down, and the elec-
trical conductivity of the gap is high enough, which means that
inflow of energy has ceased. The flow of cold gas toward (into) the
gap has nearly stopped the expansion of the plasma kernel, but the
shock wave is still expanding at quite high speed, as can be seen
in Figs. 6 and 7. Two pairs of vortices in case I and one pair of
vortices in case II have been formed near the gap, rotating in the
opposite direction, bringing cooler gas into the gap (see Fig. 7). In
both cases, a galaxy of small vortices is spread along the shock-wave
front, indicating the distinct shock structure and rather complicated

a) Casel b) Case II

Fig.8 Vortex lines at 5 us in the rz plane for 2-mm spark gap.
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Fig. 9 Velocity field at 5 us in the 7z plane. In both plots, electrodes of
case I are used.
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d) 20 us
Fig. 10 Velocity field at different times in the 7z plane.

b) 10 us

flow through the shock surface (Fig. 8). The influence of spark gap
is studied by decreasing the gap for case I from 2 to 1 mm and solv-
ing for the same power input. The flowfield given in Fig. 9 shows
that the vortex structure has changed, giving stronger mixing com-
pared to the 2 mm gap with the same geometry. The number of
vortices is reduced to two, and they have moved closer to the z = 0
line.
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Fig.11 Isotherms corresponding to 500, 1000, 2000, 3000, and 4000 K
(from outside to inside) for 2-mm spark gap in the rz plane.
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Fig. 12 Isotherms corresponding to 500, 1000, 2000, 3000, and 4000 K
(from outside to inside) for 1-mm spark gap in the rz plane.

About 7 us after the onset of spark, the shock wave has lost most
of its amplitude and the temperature rise in the gas attributable to
shock compression is about 20 K. Although at later times the shock
position is quite similar in both cases, the overpressure is different.
At the same time, the shock wave with an average overpressure of
about 1.5 bar is about to leave the domain of computation. The com-
putations are carried out up to 40 us in the same space domain to
study the evolution of the plasma kernel. Note that far-field bound-
ary conditions do not affect the flowfield near the electrodes. The
pressure is almost atmospheric, and a situation of free expansion or
generation of a rarefaction wave at outer boundaries does not arise
in this case.

After 10 us, the two cases under consideration exhibit their dis-
tinct flow patterns. At 10 and 20 us, the velocity field for the two
cases is given in Fig. 10. At 10 us, in case I, we see one pair of
vortices near electrodes but out of the gap and away fromthe z = 0
line (Fig. 10a). On the other hand, for case II, two distinct pairs of
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Fig.13 Isotherms correspohding to 1800, 2000, and 2200 K (from out-
side to inside) for 2-mm spark gap in the rz plane.

[
w

N
)

2 2
% 2 4 2 2 4
a) 30 us c) 40 us
3 3
2 2
1 1
o =D i SO
.1. -1
2 2
% 2 4 % 2 4
1 (mm) r (mm)
b) 30 us d) 40 us

Fig.14 Isotherms corresponding to 1800, 2000, and 2200 K (from out-
side to inside) for 2-mm spark gap in the rz plane.

vortices, one inside the gap near the electrodes and the other outside
the gap near the z = 0 line (Fig. 10b). This complicated flow pattern
is retained by the plasma (see Figs. 10c and 10d) and is going to
shape the plasma kernel at later stages. Because the power input to
both cases is the same, one can associate this feature of the flow
with the electrode geometry.

The in-flowing cold gas from outside the gap mixes with the hot-
ter gas in the gap and then is thrown out by the vortices rotating
in the opposite directions. Moreover, by this time, heat-conductive
processes influence their neighbors. The resulting mixture at slightly
‘lower temperature than at 5 us starts growing. Figure 11 shows the
isotherms for the two cases at 10 and 20 us. The kernel in case II is
taking the shape of a torus with a deep groove on the outer surface at
20 ps. Isotherms corresponding to the same levels as those shown
in Fig. 11 are given for the same electrode geometry, in Fig. 12,
but the spark gap is reduced to 1 mm. In this situation at 20 us, for
case II the kernel has a spheroidal hot bubble wrapped in relatively
cooler gas, whereas for case I such an isolated hot bubble cannot
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Fig. 15 Radial distribution of calculated scaled (with atmospheric
value) mass density along the z = 0 line at different times: o, 10 us;
+, 20 ps; *, 30 ps; and X 40 ps.
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Fig. 16 Temperature (K) vs radial coordinate (mm) at 10 us. Solid
and chain curves (this model, cases I and II, respectively) at z = 0 line
(dashed curve = one-dimensional model with same power input as used
here).

be seen (Fig. 12). No doubt, a groove on the outer surface has ap-
peared, which is growing with time; there is a tendency for such a
phenomenon to occur but a look at the vortex structure shows that
it is relatively slow compared to case II.

The most likely temperature from the ignition aspect is around
18002100 K. To study the gas heating in this temperature range,
isotherms are plotted at 10, 20, 30, and 40 us for the two cases in
Figs. 13 and 14. The influence of the geometry in heating the gas
is well pronounced. In case II, a hot bubble engulfed by cooler gas
has been formed at 30 us. A larger volume of the gas is heated to
the said temperature range in case I.

Scaled mass density in the equatorial plane at 10, 20, 30, and
40 ps for the two cases under consideration is plotted against r in
Fig. 15. The density on and very close to the axis of the spark has»
pot yet returned to its normal value as given in the above experiment
during this time regime, but one sees the tendency that it is going to
do so later.

Atearly stages, the heat loss to the electrodes seems to be insignif-
icant if one looks at the isotherms, but this is not true. The heat loss
to the electrodes and the convective cooling by the recirculation of
the gas in the gap is compared to a one-dimensional cylindrically
symmetrical model’® with no heat loss to the electrodes at 10 s in

Fig. 16. The temperature at the z = 0 line from these calculations
is plotted against r. This indicates that heat loss to the electrodes at
later stages of the discharge is significant.

Concluding Remarks

In this paper the energy input into chemically inert gas and the
flowfield generated by an ultrafast electrical spark discharge dur-
ing the early phase (10 ns—40 us) of its evolution is. studied. It is
observed that the flow structure developed at the early stages more
or less prevails at later stages and strongly influences the shape and
evolution of the hot kernel. The electrode geometry and the electrode
configuration are responsible for the development of flow structure.
The strength of vortices generated in the flowfield is influenced by
the power input to the gap, and their location of emergence is dic-
tated by the electrode shape and configuration. The heat transfer
after 2 us is dominated by convective diffusion.

The strong mixing produced by hydrodynamic effects and the
electrode geometry give the indication that the magnetic pinch ef-
fect is negligible. The model presented here can produce a realistic
initial condition for the study of ignition processes in combustible
mixtures, for example, in the internal combustion engine.
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