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Abstract

Pulsed plasma discharge in the interior region of electrothermal–chemical gun is numerically investigated with the one-dimensio
dependent mathematical modeling that includes the Joule heating of plasma column and the mass ablation of bore wall. Sonic
condition is utilized because flow is expected to be choked at the bore exit. In the evaluation of thermodynamic and transport p
plasma state is assumed to be in local thermal equilibrium due to high pressure and is found to be weakly nonideal. The com
results show that capillary plasma flow at the bore exit is partially ionized high temperature and high pressure discharge. Many pred
including arc resistance, energy deposition, and bore wall mass ablation are favorably compared with the measurements on tota
gun firings with different levels of energy deposition ranging from 5.3 to 47 kJ. Temporal evolution of pressure shows transient effe
calculations but the effect is minimal compared to the significant transient effect in the pressure measurements. However, maximu
is in good agreement with measured data.
 2005 Elsevier SAS. All rights reserved.

Keywords: Capillary plasma flow; Electrothermal–chemical gun; Pulsed power
for
tude
arge
pil-
the
sma
he
eate
ter-
sed

d to
an

ac-
sed

vel
ma-
di-

mer-
im-
ra-
rties,
ro-
a

rea-
[5]
one-
the
ll as

nd
s-
one-
1. Introduction

An electrothermal–chemical (ETC) gun is the device
producing a pulsed plasma discharge using high-magni
current pulses. The process employs a high-power disch
of electrical energy to vaporize the solid materials of ca
lary bore (typically polycarbonate or polyethylene), and
eroded vapor is subsequently ionized to form a dense pla
flow during the duration of a high current discharge. T
vapor plasma then exits the open end of the bore to cr
a high-velocity, high-temperature, and high-pressure ex
nal plasma jet into the background gas in an open or clo
chamber. This technology has been originally develope
improve the combustion rate of the solid propellants as
alternative to the conventional chemical igniters for the
celeration of projectiles [1]. Also, this concept can be u
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for producing metal vapor plasmas for the synthesis of no
ceramic and metal nanocrystalline materials or the other
terial processing applications by utilizing the extreme con
tions of plasma discharge [2].

There have been several different approaches of nu
ical simulation depending on the degree of modeling s
plification. By neglecting the axial dependence of tempe
ture and pressure and adopting volume-averaged prope
Mohanti and Gilligan [3] established time-dependent ze
dimensional model. Powell and Zielinski [4] introduced
simple quasi-steady isothermal model and it provides
sonable predictions despite its simplicity. Raja et al.
assumed that the plasma flow is quasi-steady in their
dimensional modeling of the electrogun and considered
electrode erosion based on Langmuir relationship as we
the bore wall ablation. Powell and Zielinski [6], Zoler a
Alimi [7], and Zaghloul et al. [8] carried out more sophi
ticated theoretical analysis using the time-dependent
dimensional models.
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Nomenclature

cs speed of sound . . . . . . . . . . . . . . . . . . . . . . . m·s−1

e specific internal energy . . . . . . . . . . . . . . . J·kg−1

ec electron charge . . . . . . . . . . . . . . . . . . . . . . . . . . . C
f deviation factor from blackbody radiation

heating
h Planck constant . . . . . . . . . . . . . . . . . . . . . . . . . . J·s
Ii ionization energy of heavy speciesi . . . . . . . . . J
J current density . . . . . . . . . . . . . . . . . . . . . . A·m−2

k Boltzmann constant . . . . . . . . . . . . . . . . . . . J·K−1

L bore length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
m̄ average particle mass of heavy species . . . . . kg
me electron mass . . . . . . . . . . . . . . . . . . . . . . . . . . . kg
n number density . . . . . . . . . . . . . . . . . . . . . . . . m−3

P pressure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Pa
Qi partition function of heavy speciesi
Rh average gas constant of heavy

species . . . . . . . . . . . . . . . . . . . . . . . . . J·kg−1·K−1

rb bore radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
T temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . K
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
uz axial velocity . . . . . . . . . . . . . . . . . . . . . . . . m·s−1

z axial coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek symbols

α degree of ionization
�Ii nonideal plasma correction to the ionization

energy of heavy species . . . . . . . . . . . . . . . . . . . . J
ε0 vacuum permittivity . . . . . . . . . . . . . . . . . . F·m−1

γ plasma nonideality parameter
γeff effective specific heat ratio
ρ total plasma mass density . . . . . . . . . . . . kg·m−3

ρp polyethylene plasma mass density . . . . kg·m−3

ρ̇a mass ablation density rate . . . . . . . . kg·m−3·s−1

σ plasma electrical conductivity . . . . . . . . . S·m−1

σsb Stefan–Boltzmann constant . . . . . . W·m−2·K−4

ν̄ei electron–ion momentum transfer collision
frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s−1

ν̄en electron–neutral momentum transfer collision
frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s−1

Subscripts

i heavy speciesi
ion ion
e electron
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In the present work, the numerical simulation of t
plasma discharge in the ETC gun is performed by uti
ing the time-dependent one-dimensional gas dynamics e
tions. The computational results are compared with the
tensive measurements of total eight cases of ETC gun fi
with different levels of energy deposition, which were c
ried out by Powell and Zielinski [4].

2. Numerical modeling of plasma discharge

2.1. Electrothermal–chemical gun

A schematic diagram of the ETC gun is shown in Fig
with the description of plasma discharge mechanism.
ETC gun is driven by a pulse-forming network (PFN), whi
consists of the capacitor banks, inductors, resistors, an
nition switch. In the experimental investigations by Pow
and Zielinski [4], the capillary bore is made of polyethyle
(CH2) with a large aspect ratio of bore length to bore dia
eter.

Available experimental conditions and measured data
total eight firings are summarized in Table 1. Deposited
ergy in the plasma capillary ranges from 5.3 to 47.0 kJ,
the peak arc current varies from 7.5 to 58.7 kA. After e
firing, the bore was drilled into larger diameter, as lis
in the table. In the present calculations, the initial bore
dius before the firing was used for each shot as specifie
Table 1. Alternatively, the average radius might be use
even the use of variable bore radius might be a better
-

Fig. 1. Schematic diagram of electrothermal–chemical gun.

proach in the computations, but its effect turned out to
minimal due to small change of bore radius after each fir
Bore size was not provided for shots 1 and 3, so the bor
dius is linearly extrapolated based on the deposited en
and the bore radii used in the present analysis are 3.107
3.270 mm for shots 1 and 3, respectively. Note that the b
length is 60.9 mm for all the shots.

Fig. 2 shows the experimentally recorded trace of pla
arc current during the gun firing for shot 8. The peak curr
of approximately 47 kA was obtained at the time of appr
imately 450 µs, and the entire pulse duration of the elect
discharge is approximately 850 µs.
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Fig. 2. Measured electrical current across the capillary bore for shot 8
the deposited energy of 47 kJ [4].

Table 1
Summary of measurement data by Powell and Zielinski [4]

Shot
number

maximum
current
(kA)

deposited
energy
(kJ)

initial bore
radius
(mm)

final bore
radius
(mm)

ablated
mass
(mg)

1 7.50 5.3 * * 23.4
2 10.5 7.3 3.175 * 32.3
3 23.8 15.0 * 3.302 66.9
4 31.9 21.4 3.365 3.454 109.7
5 41.9 29.8 3.454 3.543 113.2
6 45.3 34.1 3.568 3.670 133.5
7 47.4 37.4 3.683 3.797 155.0
8 58.7 47.0 3.835 3.962 180.0

* Not measured.

2.2. Mathematical model of plasma discharge

A brief illustration of the plasma discharge dynamics
shown in Fig. 1. When the discharge of stored electrical
ergy from the capacitor banks is initiated, a fuse wire acr
the capillary bore explodes and provides an initial curr
path for the discharge. The mass ablation from the b
wall is mainly due to the radiative energy transport from
bulk plasma flow. Ablated bore material is entrained to
bulk plasma flow, which is subject to the intense Joule h
ing, and subsequently heated and ionized. Due to the l
aspect ratio of bore length to the bore diameter, whic
typical in ETC gun operations, axial transport of mass, m
mentum, and energy is expected to be dominant, comp
to the radial transport, and it is a reasonable approxima
that the plasma flow properties are fairly uniform over
cross section of the bore, except for the extremely thin va
boundary layer near the bore wall. Therefore, by follow
the radial averaging over the bore cross section [4], the
dimensional form of time-dependent governing equati
for the conservation of mass (total and polyethylene c
ponent), momentum (in axial direction), and energy is gi
by

∂ρ

∂t
+ ∂

∂z
(ρuz) = ρ̇a (1)

∂ρp

∂t
+ ∂

∂z
(ρpuz) = ρ̇a (2)

∂ρuz

∂t
+ ∂

∂z

(
ρu2

z

) = −∂P

∂z
(3)

∂ρε

∂t
+ ∂

∂z

(
ρuz

(
ε + P

ρ

))
= J 2

σ
(4)

ε = e + u2
z

2
(5)

These equations represent the inviscid compressible ga
namics in axial direction. In the energy transport equat
J 2/σ presents the Joule heating in the plasma column
the current density is also assumed to be uniform in the b

In order to model the mass ablation from the bore w
due to radiative heating, mass ablation density rateρ̇a is in-
troduced in the mass transport equations as a source
and the mass ablation can be approximated by equatin
radiative flux from the plasma to the interior wall of the ca
illary bore and the energy flux of the ablated material ins
the bore [6,7]. Thus,̇ρa is determined by

ρ̇a = 2f σsbT
4/rb

ε + P/ρ
(6)

where the factorf represents the deviation of radiative he
ing from the blackbody behavior. In the previous compu
tional work [9] for the operation of 3 kJ small-scale plas
capillary device with polycarbonate bore [10], deviation fa
tor of 0.85 yielded good agreement with the measured m
loss of the bore, and this value of 0.85 is kept constant
all the shots in the present study. Finally, to make a clos
to the mathematical model, the following ideal gas appro
mation is considered:

P = k

m̄
(1+ α)ρT (7)

wherem̄ is determined based on the calculated mass f
tion of the polycarbonate plasma density to the total m
density during the computation. In this mathematical mo
magnetic pinch pressure in the bore is not considered
cause it would be negligible compared to the typical rang
thermodynamic pressure (10–100 MPa) in the plasma fl
In the present modeling, the vaporization of the fuse wir
ignored, since initial arc establishing process by fuse w
explosion lasts less than 20 µs judging from the meas
ment of voltage drop across the bore capillary. Also, m
erosion from the electrodes is disregarded due to large
pect ratio of the bore.

2.3. Thermodynamic and transport properties of plasma

Since typical conditions in ETC gun are extremely h
pressure and temperature, ablated material is expected
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ls rep
Fig. 3. Electrical conductivity for the polyethylene plasma as a function of temperature and pressure (a); comparison of data at 1 atm (b). Symboresent
the computational results by André and Brunet [15] and solid lines are from present calculations.
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fully dissociated into their elemental constituents and p
tially or fully ionized. Also, at such extreme condition
plasmas are in local thermodynamic equilibrium, which i
plies that the composition and the thermodynamic pro
ties of the plasma can be determined by the local stat
the plasma. The equilibrium compositions of the plasma
determined by solving the following form of the Saha eq
tion:

ni+1ne

ni

= 2
Qi+1

Qi

(
2πmekT

h2

)3/2

exp

(
−Ii − �Ii

kT

)
(8)

The partition functionsQi can be determined by conside
ing the degeneracy and the energy of electronic excita
level. The term�Ii is the correction to the ionization en
ergy of heavy species,Ii , for the nonideal plasma behavio
The degree of plasma nonideality can be quantified as
following nonideality parameter [11]:

γ = e2
c (nion + ne)

1/3

4πε0kT
(9)

For the plasma state of present interest (10 000–30 00
and 10–100 MPa), this parameter is usually found to
well below unity, and the plasma can be considered
weakly nonideal. Therefore, the pressure correction
the ideal gas equation of state is not significant and
above nonideal plasma correction to the plasma pro
ties is sufficient in this study. In fact, André et al. [1
showed that Debye–Hückel or virial corrections to the
netic pressure yield usually less than three percent
ference in their plasma property calculation for the po
carbonate plasma. Note that up to two ionization l
els of the atomic heavy species are considered in
study.

For a partially or fully ionized plasma, electrical condu
tivity is determined based on the electron collisions w
both neutral atoms and ions and can be expressed as

σ = nee
2
c (10)
me(ν̄en + ν̄ei )
In evaluatingν̄ei , Zollweg and Liebermann model [13]
employed for a correction to traditional Spitzer formu
[14] to account for nonideal effect in a dense plasma. E
trical conductivity of the polyethylene plasma is plott
in Fig. 3(a) as a function of temperature and pressure
Fig. 3(b), present calculation of electrical conductivity at
standard atmospheric pressure is compared with the co
tation of André and Brunet [15], who included more co
plex species such as C2, H2, CH2, C2H, C2H2, etc., in their
thermodynamic property formulations. Those diatomic a
polyatomic species become important at relatively low te
perature of less than 5000 K and the comparison show
discrepancy is noticeable only below 5000 K. Therefo
simplified approach of only including monoatomic spec
could be acceptable in providing reasonably accurate tr
port properties to present computations of typical plas
conditions in ETC gun operations. More details on the ca
lation of thermodynamic and transport properties of plas
vapor in local thermodynamic equilibrium can be found
the works of Raja [11] or Batteh et al. [16].

2.4. Numerical solution procedure

The numerical scheme employed in this article is ba
on LCPFCT [17] which uses the one-dimensional flu
corrected transport (FCT) algorithm with fourth-order ph
accuracy. This scheme is originally developed by Boris [
and solves the generalized one-dimensional continuity e
tion in the form of

∂φ

∂t
+ 1

rn−1

∂

∂r

(
rn−1φu

)

= 1

rn−1

∂

∂r

(
rn−1D1

) + C2
∂D2

∂r
+ D3 (11)

whereφ is the generalized conserved quantity such asρ,ρp,
ρuz, andρε, and the termsC2,D1,D2, andD3 accommo-
date the source terms. The integern becomes one for th
axial direction here in one-dimensional modeling.
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Fig. 4. Axial distribution of plasma flow properties at 450 µs for shot 8

It is well known that the flow be choked at the op
end of the bore, due to the Joule heating from the e
trical discharge and the mass ablation from the bore w
and the flow properties inside the bore become indep
dent of the conditions outside the bore. Therefore, the s
boundary condition can be applied at the bore exit and
speed of sound in a plasma at the bore exit is approxim
under the assumption of isentropic equilibrium flow con
tions.

cs = (
γeff(1+ α)RhT

)1/2 (12)

whereRh is the average gas constant of heavy species
above equation, using ideal gas approximation, effec
specific heat ratioγeff is evaluated as

γeff = 1+ P

ρe
(13)

Imposing sonic condition at the exit could be questiona
at an very early stage of plasma discharge. Due to
mense energy deposition due to Joule heating, sonic co
tion could be established right after the start of computat
even though the accuracy may be questionable on tha
riod of time. However, time period for establishing chok
exit is estimated to be approximately 20 µs, which could
negligible compared to discharge duration of 1 ms. Ad
tionally, it should be noted that the explosion of wire is t
dominant phenomena at the very early stage of disch
and its effects are not included in the present study. At
closed end of the bore, solid wall boundary conditions
imposed such asuz = 0 at z = 0. The computations show
in this study were performed on the uniform grid syst
of 300 grid points between the two ends of the capill
bore. Through a grid resolution study, this grid resolut
is found to be sufficient in resolving the axial variation
plasma properties and the comparison with finer grid sys
will be presented in the next section. Integrating time s
-

-

Fig. 5. Plasma discharge conditions at the bore exit. (a) Tempera
(b) pressure; (c) axial velocity.

is determined by the CFL condition with the CFL numb
of 0.5.

3. Results and discussion

Previously mentioned ETC gun firing of total eight sh
are numerically simulated as the experimentally recorded
current traces are served as the input with given geomet
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Fig. 6. Temporal variation of species mole fractions at the bore exi
shots 2, 4, and 8. (a) Carbon; (b) hydrogen.

the bore. In Fig. 4, axial variation of plasma flow prop
ties at 450 µs is plotted for shot 8. Temperature distribu
is nearly constant along the axial direction except the
gion near the bore exit where temperature exhibits a s
decrease. This trend of small axial temperature variation
tifies previously mentioned isothermal models. Plasma p
sure and mass density show the monotonic decrease
the axial direction, and maximum pressure at the clo
end of bore (z = 0) is roughly two times higher than ex
bore pressure. The axial velocity increases rapidly along
bore length and the exit plasma velocity is approxima
12 km·s−1. Additionally, in Fig. 4, the computational resul
using 300 grid points (sold lines) and 600 grid points (sy
bols) are compared in order to assess the adequacy o
grid resolution and it is found that 300 grid points is su
cient in resolving spatial variation of flow properties.

Fig. 5 shows the temporal evolution of temperature, p
sure, and axial velocity at the bore exit for shots 2, 4,
g

e

Fig. 7. Pressure evolution at the axial location ofz = 0,17, and 60.9 mm
for shot 8. Symbols represent the measurements atz = 17 mm [4].

Fig. 8. Temporal variation of (a) pressure atz = 17 mm and (b) conductanc
as a function of current for shot 8. Symbols represent the experimenta
[4] and the lines are from present calculations.

8 with total energy deposition of 7.3, 21.4, and 47.0 kJ,
spectively. For shot 8, the exit conditions at the time of p
current are approximately 68.2 MPa of pressure, 31 74
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.
Fig. 9. Comparison with experimental data. (a) Minimum resistance; (b) total deposited energy; (c) maximum pressure atz = 17 mm; (d) total mass ablation
Filled symbols represent the experimental data [4] and the dotted lines are from present calculations.
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of temperature, and 0.70 kg·m−3 of density. Present stud
includes four molecular species: carbon and hydrogen f
bore wall erosion and nitrogen and oxygen from initial q
escent air. Among them, mole fractions of carbon and
drogen heavy species (C, C+, H, H+) at the bore exit are
shown in Fig. 6 for shots 2,4, and 8, indicating that le
of ionization increases with increasing energy depositio
expected. Degree of ionization of plasma at the bore ex
found to be 0.27, 0.59, and 0.73 for shots 2, 4, and 8,
spectively, and plasma is partially ionized for present ra
of energy deposition. Note that the second level of ion
tion for carbon species (C++) is negligible for all cases
here.

Fig. 7 represents the temporal evolution of the pr
sure at three axial locations of bore length (z = 0,17, and
60.9 mm), which is compared with the pressure meas
ment atz = 17 mm. While the present calculation agre
well with the measurements for the maximum value of
pressure, the measurements exhibit significant transien
fect with the shift of approximately 70 µs compared
the maximum pressure from the calculation. In Fig. 8
measurements and the calculations are now compared
function of arc current to investigate the transient effect
the pressure furthermore. The measurement shows the
nificant difference of the pressure for the rising or falli
current and the pressure evolution with falling curren
roughly two times higher than the pressure with rising c
-

a

-

rent. This transient effect can be seen in the computati
results, as the pressure with falling current is higher t
the pressure with rising current, however the pressure
ference is insignificant compared to the trend found in
measurements. While slow response of the pressure t
ducer might be the reason for this transient effect, the o
possible explanations would be two-dimensionality of
plasma flow due to vapor plasma boundary layer on
bore wall or effect of wall heating on bore erosion mec
nism. In Fig. 8(b), overall conductance of the plasma fl
which is evaluated by integrating the plasma electrical c
ductivity over the inner bore volume through the pulse du
tion, is compared very well with the measurements. Un
pressure evolution, conductance does not reveal notice
transient effect and its temporal behavior is predomina
quasi-steady.

Computational results for the rest of the shots are c
pared with the measurements in four plots of Fig. 9. M
imum plasma arc resistance during the plasma disch
occurs approximately at the time of peak current and it
be easily determined in the measurements by recording
voltage drop across the capillary. As shown in Fig. 9
numerically evaluated minimum arc resistance agrees
with measurements for all shots. Agreement on shot 1
lowest energy deposition is less desirable and it is po
bly due to the approximation of not including diatomic a
polyatomic species in evaluating thermophysical proper
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Total energy deposition in the capillary is also determin
by integrating the Joule heating contribution over the in
bore volume and the entire duration of the firing, and
results show excellent agreement with the experimen
determined values, as can be seen in Fig. 9(b). Despite
viously discussed transient effect on the pressure mea
ments, maximum pressures obtained from the measurem
at the axial location ofz = 17 mm are favorably compare
with the calculations in Fig. 9(c). Note that maximum pr
sures for shots 5, 6, and 7 are fairly unchanged despite
increasing energy deposition. This is due to the enlarg
bore diameter as listed in Table 1, and the energy dep
tion per unit volume is nearly constant among those shot
comparison of mass ablation from the bore wall in Fig. 9
agreement is good but less favorable than previous com
isons. Simulations give excellent prediction on high ene
firings (shots 7 and 8), but mass ablation is generally o
predicted in lower energy firings. Modeling of mass ablat
from bore wall or electrodes is probably the most diffic
challenge and there is clearly a need for more sophistic
model.

4. Conclusions

Pulsed plasma discharge by the electrothermal–chem
gun is numerically investigated using one-dimensional tim
dependent gas dynamics simulations. In the mathema
model, Joule heating and the mass ablation are incorpo
as well as the evaluation of thermodynamic and trans
properties of the weakly non-ideal plasma under the assu
tion of local thermal equilibrium. The computational resu
are favorably compared with the measurements of total e
shots of ETC gun firing with different levels of energy d
position ranging from 5.3 to 47 kJ. Deviation factor fro
the blackbody radiation is set to be 0.85 in the mode
of mass ablation, and the predicted mass ablation ag
well for all the shots. Plasma discharge at the bore ex
found to be partially ionized and the second level of io
ization is negligible. Temporal evolution of pressure sho
transient effect in the calculations but the effect is minim
compared to the significant transient effect in the pres
measurements. However, the maximum pressure is in g
agreement. In contrast, plasma arc resistance exhibits q
steady behavior both in the calculations and the meas
ments.
-
-
s

-

l

l

-

s

i-
-

References

[1] K.J. White, G.L. Katulka, T. Khong, K. Nekula, Plasma characte
zation for electrothermal-chemical (ETC) gun applications, ARL-T
1491, 1997.

[2] D.R. Peterson, Electrothermal–chemical synthesis of nanocrysta
ceramics, PhD thesis, The University of Texas at Austin, Austin,
1996.

[3] R.B. Mohanti, J.G. Gilligan, Time-dependent simulation of the plas
discharge in an electrothermal launcher, IEEE Trans. Magn. 29
(1993) 585–590.

[4] J.D. Powell, A.E. Zielinski, Theory and experiment for an ablatin
capillary discharge and applications to electrothermal–chemical g
BRL-TR-3355, 1992.

[5] L.L. Raja, P.L. Varghese, D.E. Wilson, Modeling of the electrog
metal vapor plasma discharge, J. Thermophys. Heat Transfer 1
(1997) 353–360.

[6] J.D. Powell, A.E. Zielinski, Capillary discharge in the electrotherm
gun, IEEE Trans. Magn. 29 (1) (1993) 591–596.

[7] D. Zoler, R. Alimi, A proof of the need for consistent treatment
modeling of capillary ablative discharges, J. Phys. D: Appl. Phys
(1995) 1141–1152.

[8] M.F. Zaghloul, M.A. Bourham, J.M. Doster, Semi-analytical mo
elling and simulation of the evolution and flow of ohmicall
heated non-ideal plasmas in electrothermal guns, J. Phys. D: A
Phys. 34 (7) (2001) 772–786.

[9] K. Kim, Time-dependent one-dimensional modeling of pulsed pla
discharge in a capillary plasma device, IEEE Trans. Plasma Sci. 3
(2003) 729–735.

[10] J.U. Kim, N.T. Clemens, P.L. Varghese, Experimental study of an
derexpanded pulsed plasma jet, AIAA Paper 99-0452, 1999.

[11] L.L. Raja, A theoretical model for the metal vapor plasma discharg
an electrothermal gun, PhD thesis, The University of Texas at Au
Austin, TX, 1996.

[12] P. André, L. Brunet, E. Duffour, J.M. Lombard, Composition, press
and thermodynamic properties calculated in plasma formed in ins
tor vapours of PC and POM at fixed volume, European Phys. J. A
(2002) 53–64.

[13] R.J. Zollweg, R.W. Liebermann, Electrical conductivity of nonid
plasmas, J. Appl. Phys. 62 (9) (1987) 3621–3627.

[14] L. Spitzer, Physics of Fully Ionized Gases, Interscience, New Y
1956.

[15] P. André, L. Brunet, Theoretical computation of the electrical cond
tivity of thermal plasmas—application to plasma torch design of
electrothermal launcher, IEEE Trans. Plasma Sci. 29 (1) (2001)
28.

[16] J. Batteh, J. Powell, D. Sink, L. Thornhill, A methodology for co
puting thermodynamic and transport properties of plasma mixture
ETC injectors, IEEE Trans. Magn. 31 (1) (1995) 388–393.

[17] J.P. Boris, A.M. Landsberg, E.S. Oran, J.H. Gardner, LCPFCT—F
corrected transport algorithm for solving generalized continuity eq
tions, NRL Report No. 6410-93-7192, 1993.

[18] J.P. Boris, Flux-corrected transport modules for generalized contin
equations, NRL Memorandum Report 3237, 1976.


