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Abstract—Geometrical changes in capillary discharges influence the plasma properties and can control exit
parameters to certain desired values. For a fixed capillary radius of 2 mm and a 72-us 43.9-kA peak discharge
current, the plasma temperature is about 2.7 eV for different capillary lengths due to the constant input
energy, while the number densities tend to saturate for capillary lengths greater than 12 cm. The electrical

conductivity reaches 4.02 x 104 Q! m~! and then tends to saturate for 9-cm capillary length. The maximum
bulk velocity at the capillary exit slightly increases with the increase in the capillary length from 6.15 to
6.26 km/s for lengths below 18 cm and decreases to 5.88 km/s for longer capillaries due to the higher amount
of ablated mass and increased drag forces. For a 9-cm length with the same 72-us 43.9-kA peak discharge cur-
rent, the increase in the capillary radius reduces the energy density, which in turn reduces the total ablate
mass, plasma density, electrical conductivity, and exit pressure. It is shown that the plasma temperature
decreases from 4.6 to 2.1 eV by increasing the capillary radius and radiant heat flux also drops from 463 to
18.1 GW/m?. The exit bulk velocity drops from 8.7 to 5.3 km/s as the radius increases from 0.5 to 3.6 mm,
respectively. The design features of a capillary discharge can be adjusted for the radius and length, to produce
specific plasma parameters for desired applications. Scaling laws relating exit peak plasma parameters to
radius and length are obtained to facilitate quick estimate of plasma parameters. The validation of this model

has been confirmed by confronting with experimental measurements.

DOI: 10.1134/S1063780X18090015

1. INTRODUCTION

Various materials have been exposed to radiant
heat fluxes in capillary discharges, like the SIRENS
and PIPE facilities at North Carolina State University,
and other similar facilities, to determine the capillary
erosive behavior and the respected plasma parameters
[1—6]. Among tested materials are pure metals, alloys,
refractory materials, insulators, composites, and
graphite [1—5, 7—9]. Their erosion was also computa-
tionally explored using capillary discharge models that
predict plasma parameters and material erosion under
typical transient radiant heat flux conditions [10—12].
While experiments reveal measured parameters, such
as the total ablated mass, exit velocity and pressure,
however, capillary models provide details of the
plasma parameters along the flow direction inside the
capillary and at the exit, including pressure, velocity,
heat flux, number density of plasma species, and
plasma temperature [10—16].

! The article is published in the original.

In most capillary discharge models, the radiant
heat flux from the arc is assumed to be in the form of
a blackbody (or near-blackbody) due to the fact that
electrothermal (ET) plasmas are of high density
(10%—102%° m3) at relatively low-temperature (1—5 eV)
for discharge currents in the range of 50—100 kA [5,
10—12]. The radiant energy deposition on the material
surface is not expected to be at its full intensity due to
the developed vapor cloud, which shields the surface
by absorbing a fraction of the incoming energy [17—
19]. The energy transmission factor through the vapor
cloud (vapor shield factor) was found to vary between
20 and 5% with the increase in the radiant heat flux.
Metals have strong axial erosion inside the capillary,
while the ablation of insulators is more uniform.
Lexan and graphite have greater evidence of the vapor
shield effect as compared to that of aluminum and
copper [1—3]. Another effect of importance is the
magnetic vapor shield mechanism in which strong
magnetic field allows the magnetization of the vapor
cloud and controls the surface ablation [20]. It was
found that, at atmospheric pressure, discharges begin
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Fig. 1. (Color online) Physical processes in ET capillary discharge plasma source.

to occur near the radial center of the capillary while at
lower pressure of about 1.0 Pa, discharges occur near
the insulator surface of the capillary [21]. The electron
temperature at low pressure is about 0.7 eV and the
electron density is more than 10> m™3 as a result of
wall ablation, while at high pressure the electron den-
sity is quite low [21].

Study of erosion wear of launcher electrodes was
performed in order to increase the lifetime of the
launcher units. It was reported that changing the elec-
trodes shape from straight to curved, the erosion wear
was decreased from 0.36 to 0.01 mg per discharge [22].
It is also reported that the pressure is a linear function
of tube half-length for high pressures of about 100 bars
[23].

An empirical relation between the capillary radius
and the temperature for plasma column of capillary
discharge was reported [23]. The radial radiant heat
exchange in the discharge plasma yields significant
temperature gradients close to the tube wall, and the
pressure inside the plasma tube is sensitive to the its
radius [24]. The theoretical model predicted that the
arc-generated pressure increases with the tube length,
the average magnetic pinch pressure is significant at
large tube radii and short tube lengths, and the energy-
related mass ablation rate increases with increasing
tube length [24].

Modeling of ET devices was developed using 0D
and 1D time-dependent codes with continuous updat-
ing and improvements to include new models for
plasma conductivity, equation of state, Saha solvers,
radiative heat transport, and frictional effects [7—16].
The basic set of the governing equations are the
energy, momentum, and mass conservation.

In this research, the aim is to study the effect of the
dimensional changes, radius, and length on the
plasma parameters at the capillary exit to determine
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their effect when using the capillary as the driver for
the injection of frozen deuterium and deuterium/tri-
tium pellets for tokamak fusion reactors deep fueling.

2. CAPILLARY CONFIGURATION
AND SIMULATION CODE

Typical ET plasma capillary source consists of an
insulating cylindrical sleeve serving as the ablator,
which slides inside of the main insulator of the system
housing as shown in Fig. 1, which in turn is fitted
inside a metal grounded anode [12]. A pulse power
system discharges a capacitor via spark gap switch, or
an ignitron, which develops an arc through the inside
of the capillary and depositing radiant heat flux on the
inner wall thus causing ablation followed by ionization
to form the plasma [12]. Plasma generated from ET
capillary discharges is of high density (10%—10% m™3),
of relatively low temperature (1—5 €V), high kinetic
pressure up to several MPa, and radiate energy as a
blackbody, or near blackbody, and is at local thermo-
dynamic equilibrium (LTE) [12—16].

The ETFLOW code is a development of previous
series of ET plasma codes at NC State University since
1991 and was developed as a 1D time-dependent code
to model plasma formation and flow in capillary dis-
charges, with ETFLOW as the recent version of the
code evolutionary history [10—12, 14]. The system of
governing equations is solved self-consistently to
obtain the plasma parameters along the axis of the
capillary and provides information on plasma tem-
perature, density, pressure, velocity, ablated mass,
internal energy, plasma electrical conductivity, viscos-
ity, and ionization of plasma species. It is written in
FORTRAN and runs in a VBA environment. The
basic equations are the conservation of mass, momen-
tum, and energy with the detailed plasma models,
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Saha equation, and the equation of state, ionization,
viscosity and electrical conductivity with both ideal
and nonideal formalism. Full details of the complete
set of equations are given elsewhere [10—12, 14, 25,
26].

The basic assumptions in the present model can be
summarized as follows [10, 12, 25, 27—32]: the model
is 1D, time-dependent and all plasma parameters are
nearly constant across the capillary cross section,
Ohmic heating is considered uniform in the capillary,
radiant heat transfer is dominant, plasma is assumed
to be in LTE, ablated material is totally dissociated
into constituent atoms, magnetic pressure and fric-
tional forces are negligible, and changes in the capil-
lary hollow radius due to wall ablation are neglected.

Three main conservation equations were used to
investigate the model; which are the conservation of
mass, conservation of momentum, and conservation
of energy. The model divides the capillary source into
a number of cells of equal lengths. Then, it uses
numerical methods to solve the governing equations.

The mass conservation equation is represented by
the continuity equation [10, 12]. It expresses the time
rate of change of the particle number density in each

cell, an/ ot, as the difference between the time rate of
changing the number density of the ablated particles 7,
and the rate of particles enter/leave the cell, d (vn) / 0z,

where 7 is the number density of plasma particles and
v is the plasma velocity,

. d(vn

dn_;, - 00), (1)
ot 0z

The momentum conservation equation is

expressed by calculating the time rate of change of the
velocity av/ ot, which is due to the pressure gradient in
the axial direction, the gradient of the kinetic energy
for the particles entering and leaving the cell, the num-
ber density due to ablation, and viscous drags at the
wall [10, 12, 27, 28],

v _
ot

The energy conservation equation is expressed by
calculating the time rate of change of internal energy
in the source capillary, ndU / dt, which is due to Joule
heating, the thermal radiation, the work done by the
plasma flow, the friction from ablation, the cold
ablated material entering the plasma sheath, and the

particle transport by entering/leaving the cell [10, 12,
27, 28],

-k

pressure - kviscous drag* (2)

- kKE - kablation density

U
n = UJoule - Uradiation - Uﬂow work
ot (3
+ Ufriction - Ucold entry Ucell change*
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Fig. 2. (Color online) Discharge current peaking to
43.9 kA, taken from shot no. 754 of SIRENS ET plasma
experiment.

3. RESULTS AND DISCUSSION

ETFLOW code was used to explore the effect of
varying the capillary length and radius on the plasma
parameter at the source exit. Lexan polycarbonate
(C,cH,405) was selected in this study as the material of
the ablating sleeve, with a 43.9-kA peak discharge of
72-us pulse, as shown in Fig. 2. The radius of the cap-
illary was fixed to 2.0 mm when studying the effect of
varying the capillary length, and the length was fixed
to 9.0 cm when studying the effect of varying the cap-
illary radius.

3.1.Capillary Length Effect

Plasma state is described using a modified
Saha—Boltzmann equation according to the LTE
model through a relation between the ionization
potential /, and the effective charge state Z.; [10, 33],

3/2
1. (Zeff + %) = kT In (AT j

eff 1

where kg is Boltzmann’s constant, 4 = 4.834 X
102! K32 m~3 is a constant, T'is the plasma tempera-
ture, and # is the number density of plasma particles.

Results show that the maximum temperature at the
capillary exit (Fig. 3) is almost constant of about 2.7 eV
for different capillary lengths from 4 to 48 cm. This is
due to the fact that the change in the capillary length
is not combined to the change in the input or output
energies. The plasma bulk velocity at the capillary exit
is also shown in Fig. 3, where the velocity reaches a
maximum of 6.26 km/s when the length is 18 cm. It is
showing a slight increase from 6.15 km/s at 4-cm
length and reaches 6.26 km/s at 18-cm length. The
velocity drops as the length increases further and
reaches 5.88 km/s at the source exit for capillary

C))
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Fig. 3. (Color online) Plasma temperature 7, bulk veloc-
ity v, and radiant heat flux at the capillary exit Q for various
capillary lengths.

length of 48 cm. The velocity behavior can be
explained from the momentum equation in which the
time rate of change of the velocity depends on the
change in the pressure and density and increased
effect of viscous drag [10, 12].

The radiant heat flux Q incident on the inner sur-
face of the capillary wall is given by the blackbody
radiation formula [2, 10, 34, 35]

Q = fTGs(TpA:asma - T;/i.p )5 (5)
where G, is the Stefan—Boltzmann constant, 7, is

vap

vaporization temperature of the capillary sleeve
(665 K for Lexan material), and f; is the introduced
energy transmission factor to account for the fraction

of energy deposition through the vapor shield.

The radiant heat flux is proportional to the forth
power of the absolute temperature. Therefore, the
radiant heat flux will be increasing with the increase in
the capillary length ¢ even for a slight change in tem-
perature. The radiation heat flux follows a logarithmic

scaling law Q [GW/m’] = 2.481In (¢ [cm]) + 46.1.

The change in the plasma pressure and the total
ablated mass when changing the capillary length is illus-
trated in Fig. 4. The pressure increases with the increase
in the capillary length while the total ablated mass fol-

lows a power law M., [mg] = 3.4(/ [cm])"'>. The
increase in the pressure follows the equation of Kinetic
pressure [8, 33],

P = nkgT (1+ Zo). (6)

Here, Z_is the effective charge state, which is given by

[36]
ZZJZ-nJ-
Loy = j—: (7

n,
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Fig. 4. (Color online) Plasma pressure P and total ablated
mass at the capillary exit My, for various capillary

lengths.

where #n, is electron number density and j represents
the ion species of charge state Z and density #, and the
summation in the numerator is over the positive ions
only.

An investigation of the plasma number density, as
shown in Fig. 5, indicates an increase in the electron

number density #,, ion number densities # and #n "

(n" is very low as compared to #,, about 1 : 30), and
the bulk density p,,sm, With the increase in the capil-
lary length. The quick increase in the number densi-
ties for lengths less than 12 cm may be related to the
ability of the heat flux to ablate more layers of the
sleeve for the same pulse length. For the total ablated
mass, one can expect an increasing trend with
increasing the capillary length because of an accu-
mulation behavior. Such behavior was also observed
for polyethylene materials [4, 37]. The fit equation
for the plasma density has a logarithmic law

Poasma [kg/m’] = 8.54¢ [cm] - 7.42, which is in good
correlation to the published generalized scaling laws of
ET plasma [37]. The density results, along with the
temperature, verify the pressure increase as expected
from the kinetic pressure equation.

The main parameter which affects the temperature
is the plasma number density according to Saha equa-
tion as in Eq. (4). Increasing the capillary length
causes more mass ablation, i.e., more ions in the dis-
charge region. The number density inside the dis-
charge cell for short and long lengths would be the
same at the initial time of discharge. However, due to
the gradient of the density and the pressure over time
passing, the accumulated mass and, in turn, the num-
ber density will be higher for the longer capillary as
compared to the short one. Taking into account
Eq. (4), the temperature will also increase with the
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Fig. 5. (Color online) Bulk plasma density ppjasma» elec-

tron number density #,, and the ion number density n,»+ at
the capillary exit for various capillary lengths.

density but insignificantly. Since the ET discharge is
described by the high density plasma, it is expected
that increasing the density for long capillaries (without
increasing the discharge current) will not transfer the
plasma to a higher state. Therefore, Z, is almost the
same and the temperature is slightly increased for the
long capillaries.

The electrical conductivity is given as a function
incorporating the sum of both electron—neutral and

electron—ion collision frequencies v,, and v,;, respec-
tively, and is given by the equation [6, 8, 9, 15, 16]

2
n,e

®)

c=——"——,

m, (Ven + Vei)
where e is the electron charge and m, is the electron
mass. Figure 6 shows the variation of the electrical
conductivity with the capillary length.

According to the previous equation, it is expected
that the conductivity follows the same behavior as the
electron number density. The electrical conductivity
increases rapidly for short capillary length less than
9 cm then the rate of increasing is reduced. This could
be referred to the decrease of the energy density with
increased capillary length as indicated from the pres-
sure behavior.

3.2. Capillary Radius Effect

The variation of plasma temperature as a function
of the capillary radius for a fixed 9.0-cm capillary
length is shown in Fig. 7. The temperature decreases
from about 4.6 to 2.1 eV when increasing the capillary
radius 7 from 0.5 to 3.6 mm, which increases the cap-
illary volume and leads to reduction of the energy den-
sity and, hence, a reduction in the plasma tempe-
rature. The temperature follows a power law
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Electrical conductivity, Q™' m™!

4.6 x 104r

4.4 x 104

4.2 x 104

4.0 x 104

3.8 x 104

36 X 104 1 1 1 1 |
0 10 20 30 40 50
Capillary length, cm

Fig. 6. (Color online) Electrical conductivity at the capil-
lary exit for various capillary lengths.

T [eV]=3.52 (r [mm])_0'41, which is in agreement

with published scaling laws of ET plasma [37]. Also,
the radiant heat flux decreases with increasing the
capillary radius, similar to the behavior of the
temperature [38] and it follows a power law

0 [GW/m’] = 157 (r [mm])""*. As seen from Fig. 7,
the bulk velocity also decreases with increased capil-
lary radius and drops from 8.7 km/s for » = 0.5 mm to
5.3 km/s for r = 3.6 mm. The velocity also follows a

power law v [km/s] =7.38(r [mm])_ms, which has
the same general agreement with published scaling
laws. The trend was also observed experimentally for the
work on quartz capillary [23] and numerically on work
conducted on electrothermal—chemical sources [39].

The plasma peak pressure at the source exit is
shown in Fig. 8, where it decreases from 17.1 GPa for
0.5-mm radius to about 56.2 MPa for 3.6-mm radius,

and follows a power law P [GPa] = 2.53(r [mm])‘2-92’

which clearly explains the pressure drop. As the radius
increases, then the inner area of the capillary increases
and the pressure force decreases. Also shown in Fig. 8
is the total ablated mass, where it decreases from
89.4 mg for r = 0.5 mm to 29.7 mg for = 3.6 mm, and

it also follows a power law M, [mg]=

64.3(r [mm])**". The power law is consistent with
the generalized scaling laws [37] and the published
work on capillary with polyethylene sleeve [4]. This
drop should also be related to the trend in the number
density of the plasma constituents according to the
relation that determines the number density ablation
rate [10, 12],

20
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Fig. 9. (Color online) Bulk plasma density ppjasma» lec-
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n,-+ * at the capillary exit for various capillary radii.

where H, is the heat of sublimation (54 MJ/kg for
Lexan material) and M, is the mass of the plasma
atoms.

An investigation of the plasma number density, as
shown in Fig. 9, indicates a strong reduction in the

electron number density #,, ion number densities n,-+

and ", and the bulk density p,,sm, » When the radius
increases. Increasing the capillary radius will increase
the exposed area and, hence, reduces the energy den-
sity, which in turn reduces the energy absorbed in sub-
limation and reduces the probability of ablation. This
results in lesser ablation, lesser ionization, and lesser
number densities. A power law is also shown to be the
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Fig. 10. (Color online) Electrical conductivity at the cap-
illary exit for various capillary radii.

best fit for the plasma density, Pyuuma [kg/m’] =

53.88(r [mm])™>**, which is in good correlation to the
published generalized scaling laws of ET plasma [37].
The density result, along with the temperature, clearly
explains the observed pressure trend. The general
power law trends are consistent with ET scaling laws
including the scaling with respect to discharge current
pulse length and amplitude [40] and generalized laws
for other ablating sleeve materials [37].

The electrical conductivity, as shown in Fig. 10,
also c[Q ' 'm'=

7.38(r [mm]) The electrical conductivity is
expected to follow the behaviors of the electron num-

follows a law

0.88

power
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Fig. 11. (Color online) Energy density E/ V' vs. various
capillary radii as calculated from [41].

ber density according to Eq. (8). It decreases from
1.35x 10° Q' m™! for 0.5-mm capillary radius to
2.38 x 10* Q' m~! for 3.6 mm.

3.3. Benchmarking of the Used Model

Several experiments studied the discharge in capil-
lary tubes for different capillary materials, different
input energies, and with/without barrel extension and
other variables. In the present case, for capillary length
of 9 cm and radius of 2 mm, the total ablated mass
which is calculated by the simulation code for Lexan is
43.6 mg, which is in good agreement with the mea-
sured value SIRENS experiment of about 40.7 mg
[10].

Another good experimental measurement related
to the present study is shown in [41]. Figure 7 in [41]
represents the variation of the deposited energy for dif-
ferent diameters. The general behavior in that figure is
very close to Q (the radiation heat flux) calculated by
our model, as shown previously in Fig. 7 of our
research paper (to avoid confusing, the same figure
number is presented in [41] and the present work).
From [41], the extracted points (the relation between
the discharge energy £ and the capillary diameter d)
can be used to estimate the energy density £/V (where

V = nr’l is the capillary volume and / is the capillary
length of 10 mm). Then, by plotting the £/V versus r,
we get the result presented in Fig. 11 with negative
power law, which is comparable to that in Fig. 7 of the
present study as expected.

Also, Figs. 5a and 5b in [41] behave similar to our
model. Figure 5a represents the ablated mass, which is
very close to Fig. 8 in the present study. On the other
hand, by extracting some points from Fig. 5b and cal-
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Fig. 12. (Color online) Charge density q/ V' and charge

number density q/eV vs. various capillary radii as calcu-
lated from [41].

culate the charge density g/V, then replot q/V versus r,
or the charge number density g/el versus r, one gets
Fig. 12, which has the same negative power trend as in
Fig. 9 of the present study. Therefore, one can con-
clude that the experimental results confirm the pre-
sented model.

4. CONCLUSIONS

Dimensional changes in capillary discharge
sources highly affect the plasma parameters. The vari-
ation in the source length results in increase in the
magnitudes of the plasma parameters, except for the
exit velocity, while the increase in the radius results in
reduction of the magnitude of all parameters. At con-
stant 2.0-mm capillary radius, the temperature is
about 2.7 eV for all tested lengths between 4 and 48 cm,
while the exit bulk velocity drops from its peak value of
6.26 km/s to 5.88 km/s for a 48-cm capillary. Fixing
the capillary length to 9.0 cm and varying the radius
indicated a strong reduction in the parameters as the
radius increases. The results are consistent with pub-
lished computational and experimental works with
good agreement on power-law dependence for most
parameters. All fit equations for the obtained scaling
laws are with R? between 0.98 and 0.99, indicating
excellent fit to the code results. A comparison of the
scaling for plasma parameters for variable length with
fixed capillary radius are of positive exponent, which is
expected as the inner surface area increases. For vari-
able radius with fixed capillary length, all plasma
parameters are of negative exponent, which is expected
when increasing the capillary radius as the incident
radiant heat flux sweeps over larger surface area. An
example of the comparison is obvious from the total

ablated mass M., [mg]=3.4(/[cm])""” at fixed

PLASMA PHYSICS REPORTS  Vol. 44 No.9 2018
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capillary radius and M, [mg] = 64.3(r [mm]) " at
fixed capillary length.
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