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1. INTRODUCTION

This report describes the physics contents of codes and the
results of applying them to simulations of electrothermal mass
accelerators. The overall objective of this work is to investi-

gate the dynamics of these accelerators including 2D effects.

This has involved the development of computer models for the
interactions of multi-species plasma with solid surfaces in

single and multiple module plasma mass accelerators. The models

are being used to make choices between materials and discharge
cavity designs most suitable for achieving long lifetime and high

rep-rate performance for these accelerators.

Computer models with axisymmetric 2D elements have been

developed for the high density and temperature ( I to about 6 eV)
plasmas generated in an electric current driven mass accelerator.

The models include a driving circuit for generating the plasma,

energy transport models for thermal conduction, radiation

transport, and Joule heating, and estimates of shock propagation

into low and high-density regions. This model is able to de-

scribe the behavior and ablation of plasma in interaction with

confining surfaces.

I Several computer codes have been d6'evoped under this

effort. These in turn have benefited ti,4 ,.tt•, coes and
f modules for physics and numerical simulation. Table 1.1 shows

many of these codes. This report describes the physics
assumptions, geometric models and results obtained during this

"effort.
A

Section 2 describes the physical dynamics of the model. It

5 presents both the physics phenomena and the chemistry of the

plasma and ablatable wall materials. Section 3 describes the

* ; structure of electrothermal systems. It explains the Internal
geometry of the accelerators. Section 4 presents simulations

as ,. S . . .- ,.



Code Dimensions Description

MAID 1-7 0 Development versions of
cartridge and multi-module
simulation code

MAID 8 0 Rewrite of simulation code,
incorporoting more Physics

ABLATE I Ablation hydrocdynam.1cs code
for high resolution of pro-
jectile surface

KIWI 0 Multi-Module System Design
Code

SESAME 0 Los Alamos Atomic Physics
eqUot ion-of-state routines

GAPC 11,2. .Morder (Los Alamos'Lob) hy-.
bri~d fluid-partici~e hydra-

code

EQMSAP 0: Die~lectronlc atomi c. physics..
I ~equation-of-state and radi-

action routines (Princeton
University.)

FCT 1oZ*3 BO r I f.t-WovI' Reseadrch Lob)
* flid tYdrodynamic$ coe

:desig ned :for treatmnent of
shoc~ks:

ADINC 1*2: gook~ (Nciv1 Research Lob),
*fluid-dY~amNIcs code for

incompressible fluids

PCAP 0 Cilrcuit. analyst s program
.(Princeton University)



which can be compared with experiment. Section 5 presents re-

sults and predictions for which experimental data is not yet

available. Finally, Section 6 draws conclusions based on the

described results.

2. PHYSICS ELEMENTS OF THE MODELS

The basic physics of electrothermal accelerators is very

simple in principle. Electric energy is fed into a confined
volume. This energy is converted into plasma pressure. The
pressure accelerates a projectile down a tube which acts like a

"gun barrel. In multi-module systems, additional electrical ener-

gy conversion modules are arranged along the tube to give addi-

tional "kicks" to the projectile.

The physics is considerably more complicated in practice.

The plasma is produced by ablation of materials from the interior

of the device. The plasma is Joule heated by the electric power

input, but various transport processes rapidly redistribute this

energy. Finally, the behavior of the plasma atoms and molecules

is far from that of an ideal gas or other simple model.

Each of these major physical phenomena affects the dynamics

* of an electrothermal accelerator. The following subsections

describe each of them.

2.1 EXTERNAL DRIVING CIRCUIT

In a cOnvential gun cartridge, a chemical charge supplies

the energy propelling the projectile. In an electrothermal ac-

- celerator, this energy is supplied by an external electric cir-

cuult. In these codes, the energy can be modeled in several

ways.

3
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First, a power input can be prescribed. The user can give

the power as an experimental or constructed function of time.
Alternatively, the electric current can be given and a separate

model for the plasma resistance can be used to calculate the

voltage and power input.

It is also possible to directly solve a circuit equation.

For example, for a simple RLC circuit, the external circuit is

described by two equations, one for the current

d=- (IR+Q/C)/L, (2.1)

with L and C the lumped circuit inductance and capacitance, and R

the dynamic plasma resistance. The second equation is for the

charge in the capacitor

(2.2)atI•

These equations are simultaneously solved with the equations for

the internal dynamics.

2.2 ABLATION OF SOLIDS

In classical plasma physics, the energy a plasma atom car-

ries is considered "lost" when the atom reaches the wall of the

container. This is not the case here. In the normal operation

of an electrothermal cartridge, heat is transported to the wall

of the cartridge much faster than the wall can transport it away
from Its surface.

The physical behavior of the cartridge will during a dis-

"charge is analogous to the behavior of porous wood saturated with
water, thrown into a fire. The wood doesn't burn, but a lot of

steam is produced. The steam is found to carry away most of the

energy extracted from the fire.

34
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The "wall" of this discussion includes the physical wall of
the cartridge. It also includes the surface of any powder or
liquid fill, and the surface of the ablator on the rear of the
projectile. This total surface area is subjected to very intense
radiation, conduction and other energy transport mechanisms.

If a energy flux, q, is incident on the wall, then an ele-
ment of surface area, dA, ablates mass at a rate

dm d = adAA(2.3)

where Hs(T) is the specific enthalpy (Hs= H/p = (W+P)/p~, in
Joules per kilogram) of the wall material at the plasma
temperature, T. This mass enters the bulk plasmia with the local
specific enthalpy, so it contributes to the local mass density,
but not to the momentum or energy density. All equations in this
report use MKSI units for all variables except the temperature,
which is expressed in electron volts (1 eV - 111,6020K).

Suppose the volume, V, occupied by the ablated material is
known . Then

d t2. d d InV (2.4)

This is the equation for the evolution of the mass density.

2.3 CONFIRED PLASM4A FLUIDS

in the plasma cartridge, ablated mass rapidly establishes a
high-pressure quasi -equilIibrium plasma. The extern~al pover
source supplies the energy, and pressure, P a k i~ . The mass
ablation rate then determines the balance between pand T in P.

*The pressure. P. is the parameter of primary interest,
* because it is the driving force behind the projectile, we e x-

press it in terms of the internal energy W. The pressure can be

I ~7



written as

P = (y - )W (2.5)

where W is determined primarily by the external power, and is
the adiabatic constant of the gas if it behaves like an ideal
gas. For our purposes, y is defined by Eq. 2.5 through the
equation of state of the plasma.

2.4 JOULE HEATING

The external energy supply delivers power to the plasma
through Joule heating. The power density, p, deposited in the
plasma is determined by Ohm's Law

POH (2.6)

with the resistivity, n, determined by the plasma properties.

The resistivity is related to the resistance, R, by the geometry.
For a cylinder of length Lc and radius r., the resistance is

LC L Z 1.7 "2 ohms, (2.7)
c reT'ei

where Z is the mean square average charge state of the plasma
ions, tni is the Debye shielding factor for plasma electrons,

and veo and vei are the electron collision frequencies with
respect to neutrals and ions, as defined by

,( (2.8)' ••:Veo "no le oe0

" 2.86 X 10"12 n 2 anA/T 3 /2

ei i,

(2.9)

4 -
"." .' h ,6
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where no and ni are the neutral and ion number densities, "e is
the electron thermal velocity and aeo is the electron-neutral
collision frequency. A practical capillary should have a resis-
tance of 100 mOhms or more, in order to efficiently absorb power
from conventional switched power supplies.

2.5 THERMAL TRANSPORT

The high energy densities present in this plasma are
transported in a number of ways. Conduction and turbulent con-
vection are particularly complicated. A separate technical re-

port (TN GTD 85-4) discusses them. Radiation is the dominant

process in the cartridge.

2.6 RADIATION TRANSPORT

Throughout the .volution of this model, we have tried sev-

eral different radiation models. Simplest is black body:

(: i O b ' bb T4
q: 4 (2.10)

Here the1,03 x 109 T

Here the radiation flux per unit surface area depends only on the
plasma temperature. However, black body radiation can be pro-
duced only if the number density of the radiating atoms is high
enough to supply that flux. Among the source mechanisms, the

simplest is bremsstrahlung,

%r 0br '"e'i 22Ti %r (.1

which is the radiation produced by bare ions interacting with
free electrons. here tbr is the length resulting fromi'r



integrating the flux at a given point over the radiating volume.
When the ion has some bound electrons present, it can also

produce line radiation, which can be up to an order of magnitude

more intense than bremsstrahlung, at similar temperatures and

densities. Note that the radiation flux per unit surface area

depends on the number of radiating atoms, and not just the

temperature. Finally, when the source and black body radiation
rates are comparable, the actual radiation process resembles heat

diffusion:

16 Ird qbb
q rd =T vT (2.12)

where the radiation diffusion mean-free-path assuming inverse

bremsstrahlung is a tabulated function of density and tempera-
ture. The actual radiation which ine would expect is the smallest

of these:

rad= mn(qbb, qbr, qrd) ((2.13)

This is the model we have used for many calculations. This
radiation model can be made still more complete by incorporating

line radiation, but for the parameter ranges used to date, black
body emission is the dominant process.

S""During the initial breakdown of the plasma, bremsstrahlung

and line emission are the dominant radiation processes. Within a

few microseconds, for the energy densities we are now producing,

th:) radiation switches to black body. In order to reduce the

coet of tUe numerical simulations, we performed calculations in

which we used the full model described above, and compared the

results with those from a model using only black body radiation.

In a series of benchmark comparisons using both cartridge and
multiple-module cases, we found only one came in which the per-

foriaance of the projectile was significantly altered by using the

P



simpler model, and then only a 5% change in velocity was

observed. Thus we conclude that black body radiation is a satis-

factory model for the radiation processes in the device.

2.7 MATERIAL EQUATION OF STATE

The computer models have three equations of state available.

One is ideal gas, P = p R T. The second is a Saha equilibrium

model which determines the excited state populations and averages

over the state populations to determine the fluid variables.

This is computationally expernslve. The third, and most fre-

quentlv used equation of state is a tabular data base for about

150 mi on .. Is. It is the "Sesame" package from Los Almos

Scientific Laboratory.

The Sesame equation-of-state package describes the relations

among mass density, specific energy density, pressure and tem-

perature. As it is used in the Maid modules, the mass density

p(kilograms per cubic meter) and specific internal energy Ws

(Joules per kilogram) are the independent variables, and the

pressure P (pascals) and temperaure TK (OK) are determined from

them via tables. A number of dependent variables are then

"derived from these basic quantities.

*; 3. GEOMETRICAL ELEMENTS OF THE MODELS

The electrottermal (ET) accelerator is a device which

transforms electrical energy into projectile kinetic energy,

using wall-confined plasma flows as an intermediary, The efft-

N• cienc; of this energy conversion process depends on the details

of the plasma flow. In the previous section, we examined the

* .~ physics of the plasma. In this section, we examine the geometry

of the channels in which that flow takes place.

.9
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3.1 PLASMA DISCHARGE CAPILLARY

£ The source of plasma material is in a confined volume,
usually a narrow cylinder. Figure 3.1 illustrates the major
features of such a capillary.

t Energy is delivered to the capillary electrically. Energy
leaves it in the form of a plasma jet. in a well-designed~ ET
capillary, these two energies are nearly equal, the difference
being the energy absorbed in the wall and not returned with
ablated material.

The equations of motion for the plasma in the capillary are
simply mass, momentum and energy conservation in one dimension,

.2 + DV) (3.1)
at ax a

a .VL!+ i. MO 0 (3.2)
Tt ax ax

at aIv W .j.(1 + W + (3.3) p

Here v is the flow velocity, W is the thermodynamic internal
energy and pCH is glven by Eq. (2.6).

The solution of these equations in the caotllary yields the
fluxes in the plasma jet. As shown in Figure 3.2,, this plasmia
jet exits the capillary, typically through a nozzle. into a tubej ~ occupied by the projectile.

$ When the pressures on both sides of the noxyle region are
comparable, the flow thirough it is subsonic, and the nozzle is

10
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CO14SUMABLE WALL CAPILLARY PLASMA JET

Figure 3.1

Ohmic dissipation in the capillary discitarge transfies from the electrical
store (PS) into the plasma with an efficiency approaching 100%. The discharge
functions as a simple resistor in the circuit. This energy is then
partiticnod between plasma pressure. dissociation, ionization energy, and
streaming kinetic energy as plahpa is ejected through the nozzle. Energy
transport to the-wall, principally by radiation,, simultaneously ablates
its surface, thereby providing additional plasma to maintain the discharge.
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ineffective. However, when the projectile is moving rapidly and

the capillary pressure, Pc, is much larger than the barrel pres-

sure, Pb, then the nozzle becomes effective. For an ideal gas,

it accelerates the flow speed beyond the (critical) sound speed,

Cc, in the capillary by a factor

Abvb (3Pc 4) AcC -- TI_.4

where Ac and Ab are the capillary and barrel cross-sectional
areas, respectively. The nozzle reduces the temperature by a

factor

(3.5)

This lowered temperature in the barrel is very important, because

it reduces the heating and ablation of the barrel.

3.2 GUN GEOMETRY

The simplest arrangement of a plasma capillary discharge in
a gun geometry is shown in Figure 3.2. It has the virtue of

simplicity. It has the disadvantage that it directs hot plasma

onto the metal wall of the barrel, ablating the barrel and thus
slowing the speed of the plasma jet by adding high-mass metal
atoms to the plasma.

Figure 3.3 shows an alternative which improves the flow, but

adds to the complexity of the geometry. Figure 3.3A shows the

gun before firing. The capillary and projectile are separated by

" ra chamber containing a fluid,. such as water, which is readily

evaporated by the capillary jet.

I!• Ii13
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Figure 3.3B shows the configuration while the electric dis-
I charge is in progress. The hot plasma jet evaporates the propel-

ling fluid, cooling the mixture and protecting the barrel wall

from the jet.

The net effect of going to this more complicated geometry is

the production of a cooler, denser flow down the gun barrel.
That flow then exerts a force on the projectile accelerating down

the barrel. The magnitude of that force is less than the pres-

sure at the chamber end of barrel, by a factor,

12Y

2 C (3.6)

in conventional guns, where U is the projectile speed. In prac-

tice this equation limits the projectile speed to a few times the

sound speed for light projectiles, and about 1.2 Cc for heavy

.I projectiles. Turbulent flow also limits the a,,.celeration length

of the barrel to 20-100 barrel diameters, as described in an
accompanying report (Tech. Note GTD 85-4).

1.

"3.3 MULTI-MODULE GEOMETRY

If higher projectile speeds are desired, several alterna-

* tf'ves are available. First, a hotter, lower molecular weight

fluid can be used, increasing the sound speed of the fluid.

Second, the nozzle can be redesigned to achieve a high Mach
number M - Vb/Cc. Third, the distance between the capillary and

the projectile can be wmeduced. The multi-module geometry is

shown schematically in Figure 3.4. Its design takes advantage of

all three cited methods of increasing the projectile velocity.

f tS Figure 3.5 indicates the gas-dynamic processes which occur

j between electrical input and projectile acceleration. Properly

• )s
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designed (see results below), these processes can produce effi-

cient transfer of momentum,

Mu6U = c6mP(vp - U) (3.7)

from the plasma mass,6mp, at velocity, Vp, to the projectile of

mass Mu. The efficiency cis a complicated function of the

plasma parameters and projectile position and velocity.

4. COMPARISON WITH EXPERIMENT

The codes that have been developed during this contract have

been continually compared with experiments. These comparisons

have led both the changes in the design of experiments and

improvements in the codes.

There are also some cases in which code results can be

compared with analytic calculations. One of these concerns the

ablation of material in a capillary.

4.1 DISCHARGE CHANNEL ABLATION

There is a limiting case in which the temperature of the

plasma can be calculated inside the capillary. This is when the

St projectile is moving slowly and the heat loss to the wall is

small compared to the input power. Then the energy input is

balanced by the energy delivered to the wall by radiation.

S2%rcLc Pbb a 191R(41c (4.1)

C 1is__1



Typical values of the parameters are

I -10 5A

rc - 2.2 x 103m (4.3)

Lc -0.1 m

so we expect temperatures of order

T -- 4 eV
(4.4)

A few electron volts is typical, and the small exponent in Eq.

4.2 insures that the result is not sensitive to the parameters.

We can now estimate the mass flux, given an estimate of the

terms in the denominator of Eq. 2.4. From the Sesame Equation of

State tables, Hs -- 500 14/Kg, for T a 4 eV and a density of 1027

m , values which are typical of these capillary plasmas. These

values yield a mass flux of

4i!dn~ _l %bbT4Zwrclc(4)

or about

at . a. t -8 9 (4.6)

in 10 microsecOnds. In terms of the energy input, this means

about 0.8 milligrams per KiloJoule. Now let us see how simula-
"Mions compare with the analytic predictions.

Figure 4.1 Illustrates the temperature obtained in a sOIula-

tion of a capacitive discharge driving a capillary of the above

dimensions. During the peak power input, the temperature briefly
exceeds S eV, but 4 eV is a reasonabie average value for around

I9
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figure 4.1

Temperature as a function of time in an RLC cap11iary
discharge.
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10 microseconds of high power input. The structure in the curve
is due to the ringing of the discharge current. The temperature
is what would be expected from the simple theory given above.

The iblated mass is shown in Figure 4.2.. The solid line is
the instantaneous ablation rate of material in the capillary.
The broken line is the mass flux through the nozzle out of the
capillary. The delay between the peaks of these two curves
depends on the time it takes the gas to reach the nozzle. The
dotted curve is the sound speed, which indicates both the charac-
teristic speed of this exiting gas, and the factor by which the
nozzle mass flux should be multiplied to determine the momentum
produced by the capillary, and subsequently transported to the
projectile. Note that 0.8 Kg/sec is a reasonable average value
for the ablation rate, in agreement with the analytic prediction
of Eq. 4.5. This provides an analytic benchmark for the ablation
rate in the capillary.

Next, a computer model can integrate the instantaneous mass
flux over a complete discharge cycle and determine the total
ablated mass for an experiment. This has been done for a series
of experiments in which different total energies were deposited
in the cartridge during each experiment. The results are pres-
en.ted in Figure 4.3. This shows the experimental data, and
simulations using the same experimental parameters. The error
bars on the experimental data are large, because the mass loss is
a idl fficul t measurement. However, the difference between expert -
mont and theory is large enough to suggest that It is real. This
probably means that material is removed by advection and heat
conduction, in addition to the radiation that was included in
these calculations. When we incorporate our recently-developed
turbulent heat transport model (TN GTD 85-4) in the computer codes,

we expect this agreement to improve.

I
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4.2 PLASMA PRESSURE

An electrothermal gun is an energy conversion system.

First, it converts electical energy into plasma internal and

kinetic energy. Then the plasma performs work on the projectile

and converts much of its energy into projectile kinetic energy.

The plasma pressure is a key figure of merit for the second

conversion.

If the material limits did rnot matter, the ideal operation

of an ET gun (and a conventional gun for that matter) would

involve delivering the available energy to the propelling fluid

as quickly as possible, making the pressure as high as possible,

and thus accelerating the projectile to the desired speed in a
very short distance, before it has traveled far down the barrel.

This is the description of a bomb, not a gun.

The material strengths of the barrel and other components

limit the maximum pressure which can be contained in a particular

gun design. This suggests a more realistic "ideal design" for a

gun. The pressure should rapidly rise to some selected value,

and then that value should be maintained until the available

energy is expended.

Conventional chemical propellant guns cannot do this, because

the rate of chemical energy release cannot be controlled in the

" > required matter. However, the electrical power supply of an ET

gun can be programmed to accomplish just such a feat.

Computer simulations of experiments show the relationship
between the power input and resulting pressure. Thus computer
"experiments" c4n be performed to determine what power input will
,,,eoduce a flat pressure profile. Maid 8 has been used to perform

these calculations.
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Given the required power profile and the capillary resis-
tance profile, a power supply can be designed to deliver it.

This was done using PCAP.

Figure 4.4 shows the experimental power input to an experi-
ment, the computed average pressure, <P>, and the pressure on the
base of the projectile, Pb. The objective of the experiment was

to keep the pressure below 5 kBars (5 x 108 Pascals, or 74,000
psi), while maintaining as much pressure on the projectile as
possible. According to the simulation, it has accomplished that
objective, by quickly bringing the pressure up to 4.5 kBar, and

then remaining near that pressure until the available energy is

consumed.

The computer code predicts the internal pressure in Figure
4.4. It remains to verify that this prediction is correct, since
much of the dynamics depends on this pressure.

The experiment was instrumented with a pressure probe in the
wall of the gun tube. Figure 4.5 compares the signal from this

experimental probe with the pressure at the probe location, 18.5

cm from the starting-point of the projectile.

The simulation pressure and experimental data both show a
steep rise at 600 microseconds. That is, they agree on the

arrival time of the projectile at the location of the pressure
probe. They also are in excellent agreement on the pressure

after 1000 microseconds, showing that the code accurately models

the fluid flow down the barrel once the flow is established.

The source of the disagreement between 700 and 900 micro-
seconds is unclear. It is possible that turbulence, liquid water
or other debris following behind the projectile, or other dynami-

cal effects, are cau ing a reduction in pressure just behind the

I projectile. It is also possible that the shocks delivered to the
gun tube by the arrival of the projectile and the high p"essure

25
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fluid disturb the pressure probe, and it requires .ieveral hundred

microseconds for this disturbance to relax.

It is important to establish the true cause of this dis-

crepancy between 700 and 900 microseconds, because the pressure

immediately behind the projectile provides the propelling force.

After all, high projectile velocity is the ultimate achievement

of a projectile launcher.

4.3 PROJECTILE VELOCITY

The pressure which acts on the projectile accelerates it

down the gun barrel. As the projectile gets further from the

source of the propelling fluid, the ratio of the projectile
pressure to the capillary pressure, Pb/Pc, drops according to Eq.

3.6.

For the experiment described in the previous section that

model is optimistic. Figure 4.6 shows the projectile speed, as

predicted by the code, and the average pressure <P> and projec-

tile base pressure, Pb" The 'x" corresponds to the experimental
projectile velocity, about 350 m/sec (or 20%) below the predic-
tion. Recall however that Figure 4.5 showed the experiment and
code gave the same arrival time for the projectile at the probe

postion, and therefore the same average velocity up to that

point. Tbis shows that the MAID 8 code is not correctly calcu-

lating the dynamics as the projectile moves further down the

barrel.

Figure 4.7 shows one factor which may be involved. The

projectile speed, Vb, is plotted along with the average sound
speed. The code predicts that the projectile travels

I
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considerably faster than the sound speed. Theoretical analysis

of turbulent flow down tubes suggests that this may be very
difficult to achieve (TM GTD 85-4).

The next three figures provide a contrasting case, in which
the experiment and code prediction of the velocity agree.
Figure 4.8 shows <P>, Pb and Vb for an earlier experiment in
which we had not yet achieved constant pressure. Note the close

agreement between the predicted velocity and experiment.

C
Figures 4.9 and 4.10 correspond to Figures 4.4 and 4.7, to

provide a complete comparison between these two cases. Note in

Figure 4.10 that the sound speed exceeds the projectile speed

throughout the experiment.

In conclusion, the MAID 8 code appears to accurately model

the experiments when the plasma sound speed exceeds the muzzle
velocity. When this is not the case, the code overestimates the
projectile speed. This can probably be corrected by incorpo-

rating the recently-developed theoretical models of turbulent

pipe flow into the code.

5. PERFORMANCE PREDICTIONS

I I In the preceding section we saw examples of code predictions
that could be directly compared with experiment. These included

ablation rates, projectile velocity and various Internal pres-

sures. We also encountered quantities which are not easy to

( measure directly, such as the fluid sound speed, Cc, and the
adiabatic function, y. The present chapter concentrates on quan-
tities which are not easily measured. The objective is to iden-
tify parameters which may improve the performance of the gun

system.
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5.1 INTERNAL PLASMA DYNAMICS

The performance of electrothermal gun systems depends on
many factors. While the electrical circuit properties can be
controlled externally, the internal fluid properties are less
easily controlled. Over the course of this contract, we have
greatly improved the computer model of the plasma properties.

The MAID series of codes now use the full SESAME formulation
of the material equation-of-state which has been developed by Los
Alamos National Laboratory, (LASL). The subroutines provided by
LASL have been extended to provide additional information about
the driving fluid, such as the degree of ionization and the
adiabatic parameter defined by Equation 2.5.

The data available through SESAME shows that the choice of
material can have a dramatic effect on the plasma behavior, and
thus on the internal dynamics of the gun. To illustrate this,
consider two candidate materials, One is polyethelene. (CH2)n,
one of the itnitial choices as an ablatable material. Second,
consider pure hydrogen, H2 , which represents 67% of the atoms in
polyethelene.

Figure 5.1 shows the temperature dependence of the Gruneisen

coefficient

G- P/W y -1

The solid curve is for hydrogen and the broken curve is for
polyethtlene. The importance of G is that it measures the frac-
tion of the energy deposited in the fluid which is available as
pressure, to accelerate the projectile. A larger G means a
higher projectile acceleration for a given energy input.

Figure 5.2 presents the sound speed versus temperature for
the same parameters. It is apparent that the choice of m•terial
has a dramatic effect on the properties of the fluid.

j 
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As we saw in the preceding section, properties such as the
sound speed strongly influence the ability of the fluid to ac-
celerate the projectile far down the barrel. Therefore these
differences in the fluid properties are of great practical impor-

tance. Various materials, including pentane, methanol and
lithium hydride have been considered as candidates for propellant
fluid. Because of the different material properties, it is

usually necessary to change the power input as well as the fluid.
The merits of the various choices are presently being analyzed.
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5.2 EFFICIENCY PREDICTIONS

The efficiency of the system is a straightforward and very
important measurement for single-stage gun systems. We have

found that for many experiments, code predictions of efficiency

agree well with the experimental results when the code accurately

predicts the muzzle velocity.

When additional acceleration modules are added, the compari-

son becomes much more difficult, because many new variables are

present, so it is much harder to perform a code calculation which

accurately models all the conditions which were present in the

experiment.

For these more complicated systems, one valuable contribu-

tion of calculations is to predict the performance available from

a module as a function of the internal parameters. Such calcula-

tions show what performance is possible, and how the internal

parameters should be adjusted to achieve it.

Figure 3.4 shows the full complexity of the geometry of an

acceleration module. The KInetic Weapon Impulse, (KIWI) code has

C cbeen developed to model the fluid flow in this geometry. It uses

a simplified equation-of-state for the fluid, but models the full

; dynamics of the capillary interior, nozzle expansion, flow down

*1 ~the barrel, and the interaction of the fluid with the projectile.

C
These studies have shown that electrothermal modules are

capable of efficiencies over 60% for hydrogen. The challange is

then to define the conditions under which such efficiencies can

be achieved in the laboratory.

Figure 5.3 shows the KIWI prediction of module efficiency

with. two key ratios as independent parameters. One is the Mach

number, M, defined in Eq. 3.4. This is determined by the nozzlef ( geometry and the temperature and equation of state of the fluid.
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The other parameter is the ratio of the projectile velocity to

the flow velocity, U/vb.

It is clear from Figure 5.3 that modest Mach numbers, 2<M<4,

and flow speeds somewhat greater than the projectile speed,
4Vb/3 < U < 3vb/2, produce optimum performance.

5.3 ADVANCED SYSTEMS

The ultimate demonstration of code predictions is the design

of future experiments, when the codes are used to describe a

system which differs substantially from present-day experiments.

Various pratical constraints are applied, and overall system

performance is predicted. Maid 8 and KIWI calculations were

combined to design c launcher for projectiles with masses of

several kilograms to velocities over 12 km/sec. The power supply

is assumed to be limited to an output of 5 gigawatts.

Figure 5.4 shows the power input plus average and projectile

base pressures, as in Figures 4.4 and 4.6. Here the power input

has been tailored to hold the projectile base pressure constant

until the power reaches 5 GW, and then it maintains that power

until the available energy is consumed.

Following the initial gun-like stage, the projectile is

driven by a series of modules, configured to produce uniform

acceleration. Depending on the material properties of the pro-

pelling fluid and barrel liner, each can accelerate the projec-

tile for a given period of time, typically 200 microseconds,

after which the propelling fluid is removed in preparation for

the next module.

Figure 5.5 Shows the velocity versus time as predicted by
* the codes. According to the KIWI model, the modules are capable

of such higher final velocities; this calculation simply Vt I.
$ j ,.41
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illustrates the operation up to 12 km/sec, or about "escape

velocity" from the surface of the earth,

6. SUMMARY

The MAID and KIWI codes have been developed and applied to

the study of electrothermal mass accelerators. They have been

benchmarked against experiment, and show good agreement with it.

They have been used to predict the performance of devices pre-

sently being designed.

These codes incorporate detailed models of the external

driving electric circuit and the basic physics processes by which

joule heating generates plasma from ablating materials in the

capillary discharge. They have been extended to multi-dimen-
sional flows of multi-species plasmas in relatively complex geo-

metries.

The ablation and survival of capillary walls has been ex-

amined (Section 4.1), along with the effect of repeated dis-

charges (Sections 4.2 and 5.1) and the impact of high-pressure
plasma on the projetile (Sections 4.3 and 5.1). Calculations

have been compared with experiments, and produce excellent agree-

ment for projectile arrival time and pressure during fully de-

..-veloped flow (Figure 4.5) and muzzle velocity (Figure 4.8).

C Results of cartridge ablation studies show that experimental

ablation rates are somewhat higher than predicted (Figure 4.3),

but some known flow erosion phenomena have not yet been included

in the models.

The SESAME chemistry package has been incorporated in the

code, and has been used to investigate the influence of different
materials (Figures 5.1 and 5.2) on the performance of accelera-
tors. As an illustration, for a fixed temperature, hydrogen has a

i 1 much higher sound speed than polyethylene (Figure 5.2), so it is

44
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capable of reaching higher muzzle velocities for the same tem-

perature and gun geometry.

More complex gun cavity geometries have been examined

(Figure 3.2) and the results of simulation (Figures 4.6 and 4.7)

show that the geometry affects the fluid flow more than the

present model anticipates.

The MAID codes have been extended to simulate multi-module

accelerators. The KIWI code extends this capability further.

The inclusion of drift sections between modules has made possible

the elimination of interference between successive modules,

without significantly reducing acceleration rates. (The effect

of the drift spaces is to introduce the horizontal segments in

the acceleration profile, Figure 5.5.)

The analysis of the ablation rate and heat transport into

the walls of the capillary and barrel walls has made possible the

analysis of the lifetime and rep-rate capability of electro-

thermal launchers. The inclusion of powder fill in the capil-

laries and a fluid mixing chamber in front of the capillary

(Figure 3.3) has extended the lifetime of the barrel essentially

indefinitely. In the laboratory, conventional gun barrels have

now been used for more than 100 electrothermal shots. Using a

"design in which the capillary and mixing chamber are included

with the projectile in a replaceable cartridge, the rep-ratabil-
S~ityv of the system seems to be limited only by the rate at which

the cartridge can be removed and replaced, by a mechanism similar

to the auto-loader in a conventional gun.
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