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Abstract

This paper describes arc discharge tests conducted in a prepressurized, constant-volume pressure vessel to .........
study arc behavior over a wide range of current densities, discharge durations and initial vessel pressures.
This method allows controlled access to a wider range of conditions than those previously studied in capillary
tests. We have investigated aspects of the radiative heat transfer by calculating the material opacity and
mean free paths of photons for conditions typical of arc diagnostics. We also performed one-dimensional
Eulerian hydrodynamic calculations of the boundary layer behavior in the radiative diffusion approximation.
These calculations, which describe the radial mass flow and heat transfer in the absence of turbulent flow

effects, show the characteristic times for equilibration of the high-pressure arc. Finally, we describe progress
on a promising means for increasing the mass flux from the capillary discharge through the use Ofchemically
reactive media on the capillary walls.

1 Introduction

This paper is a progress report on high-pressure arc studies we are conducting to increase the performance
of electrothermal chemical (ETC) propulsion systems and to develop analytic models for their electrical and
fluid flow behavior. This effort builds on a number of past experimental and theoretical efforts to develop
such technology. To date, most studies of capillary behavior in polymer stabilized arcs have been confined

to pressures much lower than those encountered in an ETC propulsion system for gun applications [1--4].
A great wealth of data and analysis associated with circuit-interrupter devices bears on the electrothermal

technology, but such devices operate at only a few atmospheres of gas pressure [5--8]. Modeling of higher-
pressure arcs has generally been successful in describing the elec'trical behavior of those capillaries in which
boundary layer effects can be neglected. These types of arcs are typically overdriven electrically to produce
temperatures in excess of 3 to 5 eV, resulting in a low specific mass transfer from the capillary [9,10]. We
are exploring techniques that may be suitable to increase the mass transfer from the electrothermal system,

so that improved chemical efficiencies associated with oxidation of the plasma discharge output may be
achieved. An important objective in such mixing studies is the need to maintain control of the chemical
process with the discharge to help avoid fluid/combustion instabilities in the breech of a gun system.

Our present effort consists of experimental studies in a closed high-pressure environment to probe a wide
range of gas densities, electrical conditions, and thermal states in the discharge, and to provide a means to
verify models over a range of conditions. We describe the test system and present results from initial tests.

Because radiative heat transfer dominates in the central region of the arc device, we also review aspects of
this radiative behavior and include an analysis of optical cross sections and their related mean free paths
at temperatures and density conditions of interest. These characteristics are important to recognize in
the design of tests as weil, since the opacity results show there is limited optical transmission for optical
diagnostics of the plasma discharge. Calculations of optical and radiative mean free paths for a range of
temperatures, densities, and wavelengths are presented.
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To increase the range of power levels that can.be achieved in a laboratory system with limited energy
capacity, one would like t_, carry out studies with short, high-current pulses. The characteristic times for
these test conditions are therefore of interest. One would like to know how long it takes to reach pressure and

thermal equilibrium in a capillary system. To determine this, we performed detailed numerical calculations
for the capillary using the CSQ Eulerian Hydrodynamic Code together with a thermodynamically consistent
equation of state for the polymer material in the capillary. Characteristic time scales for one set of conditions
are shown. These calculations account for the details of not only the radiation, but also plasma diffusion
and thermal conduction in the cooler thermal boundary layer near the capillary wall.

Finally, we discuss the seiection and preparation of an initial class of reactive materials for the capillary wall
that may enhance the mass flow from arc devices.

2 Test Description

Figure 1 shows the vessel used for the arc discharge tests. This vessel can sustain pressures to 6.6 kbar and
has a bore 1.27 crn in diameter. A transmission line and sealed electrical feedthrough at the left end of the
assembly delivers current to the interior of the vessel. The electrical system is capable of delivering up to 40
kJ of energy in a pulse. _1he pulse duration may be controlled from 40 #s to 1 ms using inductors within the

electrical system, 'The arc discharge occurs between a tungsten anode at the left in the figure and a tungsten
cathode aperture located at the junction of the accumulator chamber. The aperture has an opening of 0.58
cm. The arc has a typical length of 4.3 cm and is contained for these tests by a polyethylene wall chamber
with a 0.58-cm inside diameter. The arc is initiated wit,h a 0.05- to 0.12-mm-diameter aluminum wire placed

axially along the capillary prior to the test. The pressure transient can be monitored at one or more of three
locations in the vessel. These measurements are made with i_allistic type pressure transducers 1 with a peak

pressure range of 6.6 kbars. A frequency-modulated fiber-optic transmitter system 2 is used to couple the
transducer output to the data acquisition system.

1Model 217C, Kistler Instrument Corp., Amhurst, NY.

2Model 6711, 6712, Ape<: Fiber Optic Corp., College Station, TX.

_ electrical

probe _ pressur_ fittings
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anode capillary

Figure 1. Cross-section view of the high-pressure vessel showing locations of the capillary and
accumulator chambers, as well as the pressure transducers and electrical probe,
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3 _ Test Results

An initial test to explore the behavior of a fast-pulse capillary discharge is described, In this test the capillary
with a 0.58-cm inside-diameter polyethylene wall was tested. The pulsed power system was charged to 4.0

kV where it stored approximately 3.2 kJ of energy. The arc discharge was initiated along a 5_mil- (0.013-
cre-) diameter aluminum wire placed between the anode and cathode. The capillary was pressurized with
nitrogen to 1800 psi (1,2.4 MPa) prior to the discharge. The capillary output was ejected into the accumulator
chamber.

Figure 2 shows measurements made in this test. The upper left frame in this figure shows, the current

and voltage measured directly across the anode/cathode gap. Peak current of 39 kA in a 40-ps pulse was
conducted by the arc. An initial period of approximately 15 ps was required to heat and break down the
plasma channel along the wire to the point where it oarried significant current. The power profile calculated
from the measured voltage and current is shown at the upper right. It shows a peal{ power dissipated of 97
MW. The total energy dissipated in the arc as determined by integrating the power record, was 2200 joules

or approximately 70 percent of the energy stored in the capacitor bank. If ali of the energy is delivered to
the mass of material removed from the capillary wall, this gives an average enthalpy state of 220 kJ/g. The
calculated iinpedance of the arc as a function of energy dissipated is shown at the lower left. The impedance
drops to a value of approximately 60 mfl during the discharge. Two pressure transducers were used in this
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Figure 2. Electrical ar.d presstire records from test ET.025, a 4-kV discharge test into a capillary
dissipating 2200 joules and ablating 10 mg of polyethylene. The measured arc current and
voltage are at the upper left and the measured transducer pressures are at the lower right.
The power and impedance profiles are calculated from the electrical records.
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test to record the pressure in the accumulator chamber. The plot at the lower right shows the pressure for
one of these mounted in the end of the vessel assembly. The pressure oscillation characteristic of a shock
tube formed by the accu,i_Lflator chamber is evident in this record. The period of the pulse oscillation is
characteristic of an average 0.69-mm/ps sound speed in the accumulator chamber filled with heated gas from
the capillary.

4 Arc Discharge Discussion

We now discuss several aspects of the arc discharges to show the expected behavior. Estimates of the arc
temperature are made with a simple radiative heat transfer model. Next we estimate the characteristic
mean free path lengths over which optical absorption of radiated energy occurs in the high temperature arcs.
Finally ' these mean free paths are applied in a hydrodynamic calculation to show the characteristic times
and thermal gradients in the arc heat transfer.

Figure 3 shows a simplified view of the arc discharge with current I and arc radius ra in a cylinder of radius
R and length L. The temperature T in an arc discharge can be estimated by balancing the rate at which
energy is resistively dissipated with the rate at which energy is radiatedto the wall [11,12]. This balance is
as follows, where the power dissipated is the left-hand term and the power radiated is the right-hand term'.

I2petL

7rr2a = cr.T42_rraL , (1)

where pel is the temperature-dependent electrical resistivity and _ is the Stefan-Boltzmann constant. Ex-
pressing the total current in terms of a current density, i = I/(_rr_), gives the following expression for the
temperature:

T 4 i2ra
- (2)

Pel 2¢r "

Although in the present experiments the resistivity and power dissipated can be measured directly, it is
useful to estimate p_l using tile Spitzer-H/irm conductivity [13] for a fully ionized gas of singly charged ions:

1 = 1.53 x 10-4 _rea/= mhos/cm, (3)
Pei In h

where In A is the plasma coulomb logarithm. Under these conditions there is a T 1_12 dependence on
temperature for each side of Eq, 2, Under these conditions the temperature is a function of the current
density raised to the 4/11 or 0,36 power.

For the test in the previous section with a peak current of 39 kA and capillary inside diameter of 0.58 cre,
Eqs. 2 and 3 predict an arc discharge temperature of 3,1 eV. This core temperature for the arc results in

c_pachcrn,hpg

Figure 3. Simplified diagram of the arc discharge capillary.
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heat.transfer to the wall material through a boundary layer region. Analyses in which this boundary layer

region is ignored or assumed to be thin compared with the capillary radius have been used to successfully
calculate the resistive properties of the discharge. In fact, considering only radiative heat transfer, with
its T3 dependence on effective conductivity, essentially isolates a cool region at the wall and allows little
radial temperature variation within the capillary. For a more accurate calculation, one must include terms
to account for conduction and plasma diffusion in the cooler thermal boun&,.ry layer. In a capillary with
axial flow one may also need to consider effects of turbulent mixing and liquid entrainment to adequately
describe the boundary layer region [14].

The rate of erosion of wall material from the capillary wall is sensitive to the structure of the boundary layer
because the specific enthalpy of material in this region may be nearly an order of magnitude smaller than
that of dissociated material in the center of the arc discharge. Thus, predicting the mass of material ablated
by a given amount of energy requires knowledge of its enthalpy state. For overdriven capillary discharges,
it may be possible to neglect the capillary boundary. But as one seeks to control the capillary output with
a limited amount of energy, enhancement of flow in the capillary boundary layer l'egion should prove to be

important. .

Radiative Heat Transfer. Understanding the radiation of energy to the wall of the capillary requires
some knowledge of the optical properties for the plasma, gaseous material released from the wall, and the
wall materials. The intensity of light at frequency v radiated along direction II through a continuous layer
of material is described by

n.vl.=_.(1.p-I.), (4)

where _,, is the wavelength-dependent absorption coefficient and I, the intensity of radiated energy [15].
The Ivp term is the Planck radiated intez_,_ity corresponding to the temperature of the absorbing material. ,
For radiation through a cool medium, Ivv ,s small compared to Iu and the intensity versus position is simply
an exponential decay curve depending c_l the average absorption coefficient, _¢1. [tere _1 = 1/li where li
is the Planck mean free path (PMFP). the PMFP average, which includes effects of induced emission, is
described by

lJ0_ = - = _. Oi(u)du , (5)
1i

, where

15e_Uu 3 hva',(u) = 7_ and. = k-_'

In radiative heat transfer the intensity of energy reradiated from the layer, Iup, in Eq. 4 is comparable to
that incident on the layer. This case is commonly described by a diffusion approximation in which there

is an effective thermal conductivity given by )_ = !_o'lTa. In this case, 1 is the Rosseland mean free path
(RMFP) and _r is the Stefan-Boltzrnann constant. The RMFP is given by

_0 °° 1 tl= -_vG (u)du, (6)

where

15 u4e -u

a'(u) = 4_4(1- e-_)a ' (7)
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Mean Free Path Calculations. Radiative heat transfer takes piace in a dense gas medium with a

characteristic distance, or mean free path (MFP) that can be estimated for the conditions of electrical arcs,
It is useful in motivating discussions of electrical arcs to examine these MFP lengths for temperatures and
densities typical of high-pressure arc discharges, To illustrate one case of interest, we examine the optical

absorption properties of a typical carbon-hydrogen gaseous medium. This may be done using ultraviolet
optical absorption coefficients measured directly in synchrotron light source experiments [18]. To do this we

have used the data of Figure 4 showing absorption by ethane gas in evaluating the integrals of Eqs. 5 and 6.

A second calculation is based on theoretically derived absorption coefficients due to boupd-free and free-free

(i,e. bremsstrahlung) optical transitions. The bound-free transitions for low energy photons is smoothed to
give

NZ s e-(X,-z)

_v - 0.96 × 10-v TO s z3 cm -1 , (8)

where xi = I/kT and x = hu/kT.

For hu > I, Eq. 8 is replaced by the approximate expression

N Z 2 2zl_=0.96x10 -_To2 z3 cm-t (9)

where N is the number density of species with ionization energy, I. These expressions may be analytically
integrated or used in the integral expressions of Eqs. 5 and 6 to give the corresponding MFPs. The full
derivation of these expressions is given in Ref. [15].

Figure 5 shows the results of calculations made in this fashion over a range of temperatures. The curves
labelled "Analytic Eq." refer to MFPs based on Eqs. 8 and 9. The integral expressions are those based on

the ethane data of Fig. 4. While the RMFP has been calculated for comparison, the longer MFP values
above 1 eV are of limited significance because ethane decomposes rapidly at these temperatures to a gas more
appropriately described by the "Analytic Eq." expressions. The density for the gas in these calculations
was taken to be 0.01 g/cm 3, which corresponds to the arc core density at a nominal pressure of 1 kbar.

The MFPs calculated in these cases range from about 0.1 cm at 1 eV temperature down to a few pm at
temperatures found in the core of electrothermal arcs.
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Figure 4. Optical absorption cross section for ethane gas as a function of photon energy.
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Figure 5. Calculated Rosseland (I:tMFP) and Planck (PMFP) mean free paths for ethane gas using the
dat,_ of Figure 4 and using the analytic expressions from Eqs. 8 and 9. These MFPs
correspond to a gas density of 0,01 g/cm a.

For a wavelength of 632.8 nm Eq. 8 predicts a 1/_. characteristic absorption length of 0,076 cm at the above
temperature and density conditions, A more careful calculation, including the effects of optical absorption
by negative ions, will significantly decrease the absorption path length relative to this value [15], Thus, the
opaque char azter of these arcs is evident, and attempts to use optical diagnostics at visible wavelengths in
the high-pressure arc environment will probably be unproductive.

CSQ Calculations. To determine the characteristic time scales for heat transfer to the wall of the capillary
and for radial pressure oscillations, we performed calcul_/tions with the CSQ Eulerian Hydrodynamic Code
[16], Figure 6 presents the results of these calculations, The problem described is a simple one in which a
capillary of 0.4 cm inside radius is initially full of hot, partially-ionized gas from the plastic liner at t - 0.
Gas with an initial temperature of 3 eV and an approximate pressure of 1 kbar then radiates to the wall and
cools while ablating additional wall material. The calculation includes realistic equation of state properties
for the polymer wall material and details of heat transfer to the wall using the radiative MFP calculations
described earlier, as well as heat transport due to diffusion and conduction--which are important at the
lower gas temperatures occurring close to the capillary wall. This calculation is for a one-dimensionalradial

geometry appropriate for an infinitely long cylindrical capillary, In examining the pressure profile results,
one can see waves oscillating radially with a period of about 1.5 ps, The thermal front that cools the
plasma reaches the center of,the capillary at about 6 ps, and the center line temperature changes slowly
after that time, These characteristic times are of interest in designing shorter-pulse arc experiments where
equilibration times for the capillary must be known, The gas or plasma densities are initially in the range

of 0,001 g/cm a a_ld increase by about one order of magnitude as the plasma cools. One can see that the
temperature profile at the right side of Fig, 6 shows a relatively thick layer of cooler gas near the capillary
wall for this one-dimensional problem.

5 Reactive Capillary Materials

One of the techniques being explored to increase the mass transfer from the capillary is through the use of

reactive material on the wall of the capillary liner. We have used polyethylene (PE), -(CIt2-CtI2)_-, as the
capillary material for experiments in our high-pressure studies. It is relatively unreactive and a good insulator
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Figure 6. One-dimensional CSQ Eulerian hydrodynamic calculations of the time-dependent pressure,
temperature, radial component, of velocity, and density on the capillary center line are shown
at the left. The corresponding quantities as a function of radial position in the capillary at;
t=10 #s are shown at, the right.
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even under arc discharge conditions, two factors which make it an excellent baseline material. However,
becallse lt is inert, only small amounts of material are ablated, and therefore there is little opportunity for
augmenting the power of an ET gun through downstream capillary material combustion (PE, with a high
H/C ratio is particularly advantageous in this regard), We have targeted increasing the rate of ablation of
the capillary liner as a critical factor in increasing the performance of an electrothermal chemical system,
particularly those in which the energy capacity of the electrical system is iimited.

We suggest _hat replacement of the PE with a reactive or propellant mixture (probably oxygen-deficient)
will give a material that shows higher ablation rates under some conditions. By choosing a PE derivative for

initial studies we can perform a systematic study of the performance of an ET gun as a smooth function of
the reactivity of the liner. The materials which were chosen are a series of commercially-available copolymers
of ethylene and vinyl alcohol, in which varying ratios of the two morlomers are present, The "end-members"

of the copolymer series are PE and poly(vinyl alcohol), PVA. These copolymers immediately suggested that
the sy,nthetic_effort could parallel the synthesis of the explosive material poly(vinyl nitrate), PVN, from PVA
and nitric acid mixtures, a process that dates back to the early 1920s [19]. The copolymers therefore forra

a basis for adjusting the reactivity of PE upward while minimally affecting the structure of the capillary
material.

Polyethylene (PE)

_..(CH=_CH, n)_ _h.,.,.,p,

g
OH ONO2

Poly(ethylene-co-vinyl alcohol), Poly(ethylene.-co-vlnyl nitrate)
Commercially available _: (may _n_n unreacted alcohol)
y - 0 (PE), 0.15, 0.26, 0.56, 0.68,1 (PVA)

Figure 7. Scheme for the _ynthesis of reactive materials.

Based on facile, large industrial-scale synthesis of PVN directly from PVA and nitric acid/sulfuric acid
mixtures, the synthesis of PF_,-co-PVN from PE-co-PVA was expected to be straightforward, but was in fact

very difficult. Solubility was a severe problem: unlike PVA, which is soluble in polar and hydroxyllc solvents,
and unlike PE, which is soluble in aromatic and some chlorinated solvents, PE-co-PVA is not soluble in any
solvent. Nitration with nitric acid or nitric acid/sulfuric acid mixtures was unsuccessful, Treatment of

PE-co-15% PVA with acetic anhydride, followed by fuming nitric acid (Danger. may yield acetyl nitrate.t),
yielded a nitrated polymer which is currently under study. The oxygen balance of this 15% PVN material
is -236%, which irrlplies that the material is a "fuel", not an explosive or propellant in itself. This polymer,
which is obtained as a white odorless powder) contains nitrogen 5.38% (5.65% theoretical). Differential
scanning calorimetry indicates an exothermic decomposition near 210°C,

6 Summary

('onfined vessel tests with short-pulse electrical arcs can be used to determine the rate of ablation from

a capillary wall under a wide range of pressure and electrical conditions, The details of this process are
sensitive to the behavior of the capillary boundary layer, This in turn is affected by the radiative properties
of the high-temperature plasma and gas ablated from the capillary wall, Simplified calculations for the arc
temperatures and gradients at the walls in the absence of axial flow have been preseated. Initial tests with

a prepressurized capillary have been described and show the capability to measure the ablation not only
for simple polymer liners, but also for reactive materials that offer possible means of improving capillary
per fo_manes.
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