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Abstract

Pulsed plasma discharge in the interior region of electrothermal—-chemical gun is numerically investigated with the one-dimensional time-
dependent mathematical modeling that includes the Joule heating of plasma column and the mass ablation of bore wall. Sonic boundary
condition is utilized because flow is expected to be choked at the bore exit. In the evaluation of thermodynamic and transport properties,
plasma state is assumed to be in local thermal equilibrium due to high pressure and is found to be weakly nonideal. The computational
results show that capillary plasma flow at the bore exit is partially ionized high temperature and high pressure discharge. Many predicted data
including arc resistance, energy deposition, and bore wall mass ablation are favorably compared with the measurements on total 8 shots of
gun firings with different levels of energy deposition ranging from 5.3 to 47 kJ. Temporal evolution of pressure shows transient effect in the
calculations but the effect is minimal compared to the significant transient effect in the pressure measurements. However, maximum pressure
is in good agreement with measured data.

0 2005 Elsevier SAS. All rights reserved.
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1. Introduction for producing metal vapor plasmas for the synthesis of novel
ceramic and metal nanocrystalline materials or the other ma-
An electrothermal-chemical (ETC) gun is the device for terial processing applications by utilizing the extreme condi-
producing a pulsed plasma discharge using high-magnitudetions of plasma discharge [2].
current pulses. The process employs a high-power discharge There have been several different approaches of numer-
of electrical energy to vaporize the solid materials of capil- ical simulation depending on the degree of modeling sim-
lary bore (typically polycarbonate or polyethylene), and the plification. By neglecting the axial dependence of tempera-
eroded vapor is subsequently ionized to form a dense plasmaure and pressure and adopting volume-averaged properties,
flow during the duration of a high current discharge. The Mohanti and Gilligan [3] established time-dependent zero-
vapor plasma then exits the open end of the bore to createdimensional model. Powell and Zielinski [4] introduced a
a high-velocity, high-temperature, and high-pressure exter- simple quasi-steady isothermal model and it provides rea-
nal plasma jet into the background gas in an open or closedspnable predictions despite its simplicity. Raja et al. [5]
chamber. This technology has been originally developed t0 3ssumed that the plasma flow is quasi-steady in their one-
improve the combustion rate of the solid propellants as an gimensional modeling of the electrogun and considered the
alternative to the conventional chemical igniters for the ac- gjectrode erosion based on Langmuir relationship as well as
celeration of projectiles [1]. Also, this concept can be used o jyqre wall ablation. Powell and Zielinski [6], Zoler and
Alimi [7], and Zaghloul et al. [8] carried out more sophis-
" Phone: +1 512 471 3137: fax: +1 512 471 1045, ticated theoretical analysis using the time-dependent one-
E-mail address: kimkj@mail.utexas.edu (K. Kim). dimensional models.

1290-0729/% — see front mattét 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2005.04.007



1040 K. Kim/ International Journal of Thermal Sciences 44 (2005) 1039-1046

Nomenclature
Cs speedofsound....................... .Mt Greek symbols
e -1
e specific internal energy ............... -kg o degree of ionization
ec zlegtrqn cfharge]; b iackbod ediaton C AL  nonideal plasma correction to the ionization
f hg\;'t?:on actor from blackbody radiation energy of heavy species.................... J
L Planckgconstant s3 %0 vacuum permittivity .................. N
I; ionization energy of heavy speciés........ J Y plasma nonld_egllty parameter
J current density A2 Veff effective specific heat ratio
""""""""""" total plasma mass density . ........... kg3
k Boltzmann constant..................:KJ?1 p P y : 5
L bore length m Pp polyethylene plasma mass density . . .. -rkg
T EETRPRRPTS SEREES ’ : _ 3 >
I average particle mass of heavy species ... .. kg Pa mass ablation density rate.......... .. kg©-s
Me electron Mass ..........ooveevreeennnn... kg © plasma electrical conductivity ......... L
n number density ................oiiii.. “h  Osb Stefan—-Boltzmann constant. . ... V2K
P PIESSUIE. . ..ottt et e Pa Vei electron—ion momentum transfer collision
0; partition function of heavy specigs freqQUENCY . ..o -I5
Ry, average gas constant of heavy Ven electron—neutral momentum transfer collision
SPECIES .. vt kg 1K1 frequency . ... -5
rp boreradius ............ ... .. i m Subscripts
T temperature...................lLL ]
t 11111 s heavy species
u, axial velocity ........................ wrl ion ion
z axial coordinate .......................... m e electron

In the present work, the numerical simulation of the
plasma discharge in the ETC gun is performed by utiliz-
ing the time-dependent one-dimensional gas dynamics equa-|
tions. The computational results are compared with the ex-
tensive measurements of total eight cases of ETC gun firing
with different levels of energy deposition, which were car-
ried out by Powell and Zielinski [4].
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2. Numerical modeling of plasma discharge

2.1. Electrothermal—chemical gun

A schematic diagram of the ETC gun is shown in Fig. 1
with the description of plasma discharge mechanism. The
ETC gun s driven by a pulse-forming network (PFN), which
consists of the capacitor banks, inductors, resistors, and ig-
nition switch. In the experimental investigations by Powell
and Zielinski [4], the capillary bore is made of polyethylene proach in the computations, but its effect turned out to be
(CHy) with a large aspect ratio of bore length to bore diam- minimal due to small change of bore radius after each firing.
eter. Bore size was not provided for shots 1 and 3, so the bore ra-

Available experimental conditions and measured data for dius is linearly extrapolated based on the deposited energy
total eight firings are summarized in Table 1. Deposited en- and the bore radii used in the present analysis are 3.107 and
ergy in the plasma capillary ranges from 5.3 to 47.0 kJ, and 3.270 mm for shots 1 and 3, respectively. Note that the bore
the peak arc current varies from 7.5 to 58.7 kA. After each length is 60.9 mm for all the shots.
firing, the bore was drilled into larger diameter, as listed Fig. 2 shows the experimentally recorded trace of plasma
in the table. In the present calculations, the initial bore ra- arc current during the gun firing for shot 8. The peak current
dius before the firing was used for each shot as specified inof approximately 47 kA was obtained at the time of approx-
Table 1. Alternatively, the average radius might be used or imately 450 ps, and the entire pulse duration of the electrical
even the use of variable bore radius might be a better ap-discharge is approximately 850 ps.

electrode « I

Fig. 1. Schematic diagram of electrothermal—chemical gun.
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namics in axial direction. In the energy transport equation,
J2/o presents the Joule heating in the plasma column and
Fig. 2. Measured electrical current across the capillary bore for shot 8 with the current density is also assumed to be uniform in the bore.
the deposited energy of 47 kJ [4]. In order to model the mass ablation from the bore wall
due to radiative heating, mass ablation density fatés in-
troduced in the mass transport equations as a source term,
and the mass ablation can be approximated by equating the
radiative flux from the plasma to the interior wall of the cap-

time (us)

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

ﬁSrc:ber :':"u"’;fg:t“m :ﬁg;)gs;‘ed irf;giau'sbore ‘;g“g‘i'uzme ﬂ‘:‘:d illary bore and the energy flux of the ablated material inside
(kA) (KJ) (mm) (mm) (mg) the bore [6,7]. Thusy, is determined by

1 7.50 53 * * 23.4 . 2fospT?/rp

2 105 73 3175 . 23 b= p 6)

3 238 150 * 3.302 669

4 319 214 3365 3454 1097 where the factorf represents the deviation of radiative heat-

5 419 298 3454 3543 1132 ing from the blackbody behavior. In the previous computa-

6 453 341 3568 3670 1335 tional work [9] for the operation of 3 kJ small-scale plasma

! 4r4 374 3683 3197 15%0 capillary device with polycarbonate bore [10], deviation fac-

8 587 470 3835 3962 1800 . :

- tor of 0.85 yielded good agreement with the measured mass

Not measured. loss of the bore, and this value of 0.85 is kept constant for

all the shots in the present study. Finally, to make a closure
2.2. Mathematical model of plasma discharge to the mathematical model, the following ideal gas approxi-
mation is considered:

A brief illustration of the plasma discharge dynamics is k
shown in Fig. 1. When the discharge of stored electrical en- P= %(1+ )pT (7)
ergy from the capacitor banks is initiated, a fuse wire across wherem is determined based on the calculated mass frac-
the capillary bore explodes and provides an initial current tion of the polycarbonate plasma density to the total mass
path for the discharge. The mass ablation from the bore density during the computation. In this mathematical model,
wall is mainly due to the radiative energy transport from the magnetic pinch pressure in the bore is not considered, be-
bulk plasma flow. Ablated bore material is entrained to the cause it would be negligible compared to the typical range of
bulk plasma flow, which is subject to the intense Joule heat- thermodynamic pressure (10-100 MPa) in the plasma flow.
ing, and subsequently heated and ionized. Due to the largein the present modeling, the vaporization of the fuse wire is
aspect ratio of bore length to the bore diameter, which is ignored, since initial arc establishing process by fuse wire
typical in ETC gun operations, axial transport of mass, mo- explosion lasts less than 20 ps judging from the measure-
mentum, and energy is expected to be dominant, comparednent of voltage drop across the bore capillary. Also, mass
to the radial transport, and it is a reasonable approximation erosion from the electrodes is disregarded due to large as-
that the plasma flow properties are fairly uniform over the pect ratio of the bore.
cross section of the bore, except for the extremely thin vapor
boundary layer near the bore wall. Therefore, by following 2.3. Thermodynamic and transport properties of plasma
the radial averaging over the bore cross section [4], the one-
dimensional form of time-dependent governing equations  Since typical conditions in ETC gun are extremely high
for the conservation of mass (total and polyethylene com- pressure and temperature, ablated material is expected to be
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Fig. 3. Electrical conductivity for the polyethylene plasma as a function of temperature and pressure (a); comparison of data at 1 atm (b). Sgsembls rep
the computational results by André and Brunet [15] and solid lines are from present calculations.

fully dissociated into their elemental constituents and par- In evaluatingv,;, Zollweg and Liebermann model [13] is
tially or fully ionized. Also, at such extreme conditions, employed for a correction to traditional Spitzer formula
plasmas are in local thermodynamic equilibrium, which im- [14] to account for nonideal effect in a dense plasma. Elec-
plies that the composition and the thermodynamic proper- trical conductivity of the polyethylene plasma is plotted
ties of the plasma can be determined by the local state ofin Fig. 3(a) as a function of temperature and pressure. In
the plasma. The equilibrium compositions of the plasma are Fig. 3(b), present calculation of electrical conductivity at the
determined by solving the following form of the Saha equa- standard atmospheric pressure is compared with the compu-
tion: tation of André and Brunet [15], who included more com-
nisne 2Qi+1 2 m kT 3/2 I — AL plex species guch asCHy, CHp, C_zH, CoHo, etc.Z in thgir
= ( > ) <—7> (8) thermodynamic property formulations. Those diatomic and
ni Qi h kT polyatomic species become important at relatively low tem-
The partition functiongD; can be determined by consider- perature of less than 5000 K and the comparison shows the
ing the degeneracy and the energy of electronic excitation discrepancy is noticeable only below 5000 K. Therefore,
level. The termAJ; is the correction to the ionization en-  simplified approach of only including monoatomic species
ergy of heavy specieg;, for the nonideal plasma behavior.  could be acceptable in providing reasonably accurate trans-
The degree of plasma nonideality can be quantified as theport properties to present computations of typical plasma
following nonideality parameter [11]: conditions in ETC gun operations. More details on the calcu-
2(nion + no) /3 lation of thermodynamic and transport properties of plasma
¢\Mion e . . AT .
= T dmekT (9) vapor in local thermodynamic equilibrium can be found in

the works of Raja [11] or Batteh et al. [16].
For the plasma state of present interest (10 000-30 000 K
and 10-100 MPa), this parameter is usually found to be 2 4. Numerical solution procedure
well below unity, and the plasma can be considered as
weakly nonideal. Therefore, the pressure correction to
the ideal gas equation of state is not significant and the
above nonideal plasma correction to the plasma proper-
ties is sufficient in this study. In fact, André et al. [12]
showed that Debye—Hiuickel or virial corrections to the ki-
netic pressure yield usually less than three percent dif-
ference in their plasma property calculation for the poly-
carbonate plasma. Note that up to two ionization lev- 99 19 (rnfl(pu)

The numerical scheme employed in this article is based
on LCPFCT [17] which uses the one-dimensional flux-
corrected transport (FCT) algorithm with fourth-order phase
accuracy. This scheme is originally developed by Boris [18]
and solves the generalized one-dimensional continuity equa-
tion in the form of

els of the atomic heavy species are considered in this 9  r"~19r

studly. I = 0D>
For a partially or fully ionized plasma, electrical conduc- -l B_r(r Dl) +C2 or +Ds (11)

tivity is determined based on the electron collisions with whereg is the generalized conserved quantity such 3s,
both neutral atoms and ions and can be expressed as pu,, and pe, and the term&, D1, D, and D3 accommo-

neeg date the source terms. The integebecomes one for the
0=——""""—" (10) axial direction here in one-dimensional modeling.
Me (Ve =+ Vei)
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Fig. 4. Axial distribution of plasma flow properties at 450 ps for shot 8. 60
shot 4

It is well known that the flow be choked at the open
end of the bore, due to the Joule heating from the elec-
trical discharge and the mass ablation from the bore wall,
and the flow properties inside the bore become indepen- 0 L shot 2
dent of the conditions outside the bore. Therefore, the sonic -
boundary condition can be applied at the bore exit and the

pressure (MPa)
S
o
T
M R T B

speed of sound in a plasma at the bore exit is approximated ok .
under the assumption of isentropic equilibrium flow condi- 0 200 400 600 800 1000
tions. time (us)
1/2
Cs = (Veﬁ(l+ )Ry T) (12) B
where R, is the average gas constant of heavy species. In - (©) shot 8 .
above equation, using ideal gas approximation, effective [ |
specific heat ratiges is evaluated as a i
b= -
p =3 ]
Yefi =1+ — (13) >
pe © 1
o
g

Imposing sonic condition at the exit could be questionable
at an very early stage of plasma discharge. Due to im-
mense energy deposition due to Joule heating, sonic condi-
tion could be established right after the start of computation,
even though the accuracy may be questionable on that pe- 0
riod of time. However, time period for establishing choked

exit is estimated to be approximately 20 us, which could be

negligible compared to discharge duration of 1 ms. Addi- Fig. 5. Plasma discharge conditions at the bore exit. (a) Temperature;
tionally, it should be noted that the explosion of wire is the (b) pressure; (c) axial velocity.

dominant phenomena at the very early stage of discharge

and its effects are not included in the present study. At the is determined by the CFL condition with the CFL number
closed end of the bore, solid wall boundary conditions are of 0.5.

imposed such ag, = 0 atz = 0. The computations shown

in this study were performed on the uniform grid system

of 300 grid points between the two ends of the capillary 3. Resultsand discussion

bore. Through a grid resolution study, this grid resolution

is found to be sufficient in resolving the axial variation of Previously mentioned ETC gun firing of total eight shots
plasma properties and the comparison with finer grid systemare numerically simulated as the experimentally recorded arc
will be presented in the next section. Integrating time step current traces are served as the input with given geometry of

0 200 400 600 800 1000
time (us)
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Fig. 6. Temporal variation of species mole fractions at the bore exit for
shots 2, 4, and 8. (a) Carbon; (b) hydrogen.

the bore. In Fig. 4, axial variation of plasma flow proper-
ties at 450 us is plotted for shot 8. Temperature distribution
is nearly constant along the axial direction except the re-
gion near the bore exit where temperature exhibits a steep
decrease. This trend of small axial temperature variation jus-
tifies previously mentioned isothermal models. Plasma pres-
sure and mass density show the monotonic decrease along
the axial direction, and maximum pressure at the closed L
end of bore £ =0) is roughly 'twc.) times hlgher than exit 10 20 30 40 50 60
bore pressure. The axial velocity increases rapidly along the current (kA)
bore length and the exit plasma velocity is approximately
12 kms 1. Additionally, in Fig. 4, the computational results  Fig. 8. Temporal variation of (a) pressurezat 17 mm and (b) conductance
using 300 grid points (sold lines) and 600 grid points (sym- 2as afunctior_m of current for shot 8. Symbol_s represent the experimental data
bols) are compared in order to assess the adequacy of thé*l and the lines are from present calculations.
grid resolution and it is found that 300 grid points is suffi-
cient in resolving spatial variation of flow properties. 8 with total energy deposition of 7.3, 21.4, and 47.0 kJ, re-
Fig. 5 shows the temporal evolution of temperature, pres- spectively. For shot 8, the exit conditions at the time of peak
sure, and axial velocity at the bore exit for shots 2, 4, and current are approximately 68.2 MPa of pressure, 31740 K

conductance (S)

-
o
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Fig. 9. Comparison with experimental data. (a) Minimum resistance; (b) total deposited energy; (c) maximum pressure @m; (d) total mass ablation.
Filled symbols represent the experimental data [4] and the dotted lines are from present calculations.

of temperature, and 0.70 kg2 of density. Present study rent. This transient effect can be seen in the computational
includes four molecular species: carbon and hydrogen fromresults, as the pressure with falling current is higher than
bore wall erosion and nitrogen and oxygen from initial qui- the pressure with rising current, however the pressure dif-
escent air. Among them, mole fractions of carbon and hy- ference is insignificant compared to the trend found in the
drogen heavy species (C;"CH, H™) at the bore exit are  measurements. While slow response of the pressure trans-
shown in Fig. 6 for shots 2,4, and 8, indicating that level ducer might be the reason for this transient effect, the other
of ionization increases with increasing energy deposition as possible explanations would be two-dimensionality of the
expected. Degree of ionization of plasma at the bore exit is plasma flow due to vapor plasma boundary layer on the
found to be 0.27, 0.59, and 0.73 for shots 2, 4, and 8, re-bore wall or effect of wall heating on bore erosion mecha-
spectively, and plasma is partially ionized for present range nism. In Fig. 8(b), overall conductance of the plasma flow,
of energy deposition. Note that the second level of ioniza- which is evaluated by integrating the plasma electrical con-
tion for carbon species (C) is negligible for all cases  ductivity over the inner bore volume through the pulse dura-
here. tion, is compared very well with the measurements. Unlike
Fig. 7 represents the temporal evolution of the pres- pressure evolution, conductance does not reveal noticeable
sure at three axial locations of bore length=€ 0,17, and transient effect and its temporal behavior is predominantly
60.9 mm), which is compared with the pressure measure-quasi-steady.
ment atz = 17 mm. While the present calculation agrees ~ Computational results for the rest of the shots are com-
well with the measurements for the maximum value of the pared with the measurements in four plots of Fig. 9. Min-
pressure, the measurements exhibit significant transient efimum plasma arc resistance during the plasma discharge
fect with the shift of approximately 70 pus compared to occurs approximately at the time of peak current and it can
the maximum pressure from the calculation. In Fig. 8(a), be easily determined in the measurements by recording the
measurements and the calculations are now compared as &oltage drop across the capillary. As shown in Fig. 9(a),
function of arc current to investigate the transient effect on numerically evaluated minimum arc resistance agrees well
the pressure furthermore. The measurement shows the sigwith measurements for all shots. Agreement on shot 1 of
nificant difference of the pressure for the rising or falling lowest energy deposition is less desirable and it is possi-
current and the pressure evolution with falling current is bly due to the approximation of not including diatomic and
roughly two times higher than the pressure with rising cur- polyatomic species in evaluating thermophysical properties.
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