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I. INTRODUCTION

The electrothermal gun (ET gun) or electrothermal
accelerator is a propulsion concept in which all or a portion of
the energy used to accelerate the projectile is provided by an
electrical source which is external to the gun breech. A
complete ET gun system comprises four major components as shown
in Figure 1. The first component consists of the necessary
equipment for generation and storage of the required electrical
power. A capillary is then required through which the electrical
current (energy) flows creating a plasma of low mass but
extremely high pressure and temperature. This plasma passes into
the third component, the combustion chamber, in which the plasma
interacts with a working fluid producing gases which accelerate
the projectile through the final component of the system - the
gun tube. A more detailed description of the ET propulsion
process can be foutd in a separate paper.'

[- ~ ~ ~ ~ ~ ~ .! ., ,. '- .,.

/ GunTI'ue

77Plasma 
jet

C0iiibustioti Chamber

Power Source

Figure 1: Schematic of Electrothermal Gun System

For a conventional solid propellant gun the constraining
factors on performance in terms of muzzle velocity are chamber
volume, gun strength, tube length and the combustion
characteristics of the propellant. The gun chamber volume
limits the amount of propellant and hence the total available
energy; gun strength limits the pressures at which the gun can
operate; while tube length effects the expansion ratio. Finally,
the burning characteristics of the propellant determine the
pressure profiles in the gun. An electrothermal gun is limited
by similar constraints. Since an electrothermal gun relies on
combustion gases to accelerate the projectile as in a
conventional gun, gun strength and tube length will have the same
limiting effect as in a solid propellant gun system. The rate and
magnitude of the electrical energy input in combination with the
thermochemical properties of the working fluid determine the
pressurization rate and pressure profiles in the gun. However.
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the ET gun differs from a conventional solid propellant gun in
that chamber volume no longer represents a limitation on the
total amount of energy available to the system. In theory, the
electrical energy source is capable of providing unlimited
energy. However, from a operational point of view, the maximum
operating gun temperature limits the amount of energy which can
be introduced into the system. In fact, thermal management for
an ET gun may be more difficult than for conventional gun
systems. For the conventional gun the overall temperature is
bounded by the propellant flame temperature. Even if the rate of
energy input increases die to an increase in the burning rate of
the propellant, the maximum gun temperature is still limited to
the flame temperature of the propellant. For an ET gun there is
no upper limit on gas temperature. The temperature of the gases
resulting from the interaction of the electrically created plasma
and working fluid is an increasing function of the amount of
electrical energy being transmitted to a unit mass of the working
fluid. 6  Thus, temperature limitation iesults only through
controlling the magnitude and rate of electrical energy input in
combination with the mass and properties cf the working fluid.

As described above, the magnitude and rate of electrical
energy input, together with the properties of the working fluid,
are the controlling factors in gun pressure profiles and overall
gun temperatures. The purpose of this report is to investigate
the electrical energy input, as described by the power versus
time curve, and working fluid requirements necessary to obtain
optimal performance (velocity) within a pressure constraint and
determine the sensitivity of pressure, velocity and temperature
to perturbations in these conditions. Specifically the objectives
of this report are to:

a. investigate power curve requirements for a
specitic working fluid to obtain optimal
performance.
b. investigate requirements of the working fluid -
plasma interaction to meet the performance of (a).
c. investigate the sensitivity of pressure,
velocity and temperature if the conditions for
optimal performance are parametrically varied.
d. determine if the results and trends of parts
(a) through (c) are dependent on the type of
working fluid (endothermic vs. exothermic).
e. compare optimal electrothermal gun pprformance
to that which can be obtained through solid
propellant technology.

II. BACKGROUND

Currently, the BRL is involved in an experimental and a
theoretical investigation of electrothermal propulsion.
Experimental firings will initially employ a diagnostic fixture
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which has a moving boundary in a 14-mm bore diameter tube. This
diameter was selected since a previous BRL experimental program
in advanced propellant technology, for which a large data base of
both experimental and computer simulation exists, utilized a
similar I' mm bore diameter gun.2 In addition, projectile masses
utilizei in the simulations were selected based on this earlier
exper, rental program. Using these parameters allow comparisons
with the previous data base and provide information relevant to
the current experimental effort. Exact details of the gun
geometry and projectile mass are given in Table 1.

TABLE 1: Gun And Projectile Parameters Used For Ccmputer
Simulations

Gun Specifications:
Chamber Volume -- 97.108 cm3

Chamber Length -- 15.875 cm 3

Chambrage -- Yes
Projectile

Travel -- 145 cm
Bore Diameter -- 14 mm
Calibers of

Travel -- 104
Expansion Ratio -- 3.3

Projectile Mass: 18 g

In addition to choosing a gun envelope for the study, it was
necessary to select working fluids from a number of possible
candidates. In an idealized electrothermal gun, the electrical
power source provides all the energy for the gun. However,
recent experimental efforts3,4 have involved the use of mildly and
highly exothermic working fluids. Therefore, in this study four
working fluids which are representative of working fluids
currently being used or contemplated for electrothermal
propulsion are investigated. The working fluids include two
non-energetic (endothermic), one mildly energetic (exothermic)
and one which is highly energetic (exothermic). At present, it
is planned that these or similar fluids will be used in the BRL
experimental firings. A description, as well as thermochemical
properties of the working fluids, are given in Table 2. First,
however, the method of obtaining the values is briefly explained
and terminology used in the table is defined

To compute the thermochemical properties of the working
fluid/electrical energy combination the equilibrium thermodynamic
computer code BLAKE5 was utilized. Several guidelines were
developed for selecting the pr:per thermochemical values for the
working fluids. First, in performing the BLAKE calculations the
electrical enerqy input was included as part of the working fluid
so that the results would reflect the total energy available to
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do work on the projectile. Second, to provide the thermal
management discussed in the introduction, the amount of
electrical energy was adjusted so that the resulting theoretical
temperature of the resulting gaseous mixture would be
approximately 3450 K, the flame temperature of the solid
propellant JA2. Finally, if the working fluid was a combination
of several fluids, the mass ratio of the fluids was varied to
obtain maximum impetus. Generally, the resulting mass ratios
were not in stoichiometric balance. A detailed description of
this process is included in a separate paper.6

Special terminology used in Table 2 is given below.

KJ of Electrical Energy (KJ Elec En.): The number of kilojoules
of electrical energy included in the BLAKE calculation per gram
of working fluid.

Effective Energy (Eff. En.): The total available energy per gram
of working fluid predicted by BLAKE. This figure includes both
electrical and chemical energy and is the measure of the energy
available to do work.

Several entries in the Table 2 merit attention. First,
molecular weight is that of the gas formed in the reaction. For
the TiH2/AI mixture at a temperature of 3450 K the predominate
gas formed is hydrogen, hence, the low molecular weight of 2.33.
Next is the effective energy of H20 and LiBH4. As can be
observed in Table 2, the effective energy for these working
fluids is less than the electrical energy which was added and,
thus, these fluids are classified as non-energetic or endothermic
for this study. The difference in energy, 1.769 kJ/g for H20 and
1.85 kJ/g for LiBH4, is the energy required to transition the
working fluid to the gaseous state. This energy would not be
available to perform work on the projectile unless the expansion
ratio became infinite and the gases were allowed to condense.
Thus, this energy is not included in the effective energy for the
working fluid. The same is true of exothermic working fluids.
However, since chemical energy is released for exothermic fluids
the short fall in energy is not evident.
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TABLE 2: Working Fluids And Their Properties

Working Fluids:
1. Water, H20;Endothermic (H20)
2. LiBH4 & H20 in a 40/60 ratio; Endothermic (LiBH4)
3. TiH2 & H20 mixed with Al & H20 in a 30/70 ratio

Note: Both sub-mixtures, TiH. & H20 and Al &
H20 were 50/50 mixtures which gave maximum
impetus for each, however, the final 30/70
mixture was not optimized by BLAKE to provide
maximum impetus.
Mildly Exothermic (TiH2/Al)

4. Octane & Peroxide, CH,8 & H202; Highly Exothermic
(C8H18/H202)

Note: Throughout the remainder of this report the
different working fluids are referenced by the
expression in parenthesis.

Thermochemical Properties (Temperature 3450 K):

Property H20 LiBH4 TiH2/Al C8H18/H202

KJ of Elec En. 10.0 14.33 1.058 1.0
(kJ/g)

Impetus (kJ/g) 1.6751 2.6802 0.8229 1.6945

Molecular Weight
of the gas 17.633 10.535 2.33 16.841

Covolume (cm3/g) 0.609 1.414 0.684 1.058

Gamma 1.2035 1.207 1.2728 1.2272

Eff. En. 8.231 12.948 3.016 7.458
(kJ/g)

% Elec. En. 100% 100% 35% 13.4%

% Chem. En. 0% 0% 65% 86.6%

Density (g/cm3 ) 1.0 0.868 2.16 1.26

This term will be referred to as the electrical energy density.
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III. CONDITIONS FOR OPTIMAL PERFORMANCE

As mentioned in the introduction, the pressure profiles
within the gun are a function of the working fluid and electrical
energy input. In theory, it is possible to tailor the electrical
power input so as to precisely control chamber pressure for a
given working fluid. Under this assumption, it is then possible
to operate the system at a constant breech pressure, equal to the
maximum allowable gun pressure. In theory, a constant breech
pressure produces optimal projectile velocity if the energy
source is confined to the combustion chamber as is the case
considered in this study for the electrothermal gun.

The assumption that a constant breech pressure can be
obtained imposes certain requirements on both the electrical
energy input and working fluid. These requirements, however, are
dependent on assumptions made concerning the interaction of the
electrically generated plasma and working fluid. This
interaction is complex and currently poorly understood. In fact,
much of the initial experimental effort at BRL will be devoted to
investigating plasma/working fluid interaction. In this paper
two types of interaction will be investigated, uniform and non-
uniform. For the initial set of calculations a uniform rate of
interaction is employed. That is, it is assumed that, for a
fixed amount of electrical energy input, a fixed amount of
working fluid is transformed or dissociated into a gaseous
mixture with fixed thermochemical properties. In this paper,
dissociation refers to the conversion of the working fluid to its
final state resulting from the interaction of the plasma with the
working fluid. The thermochemical properties are those obtained
from BLAKE for a specified amount of electrical energy per gram
of working fluid. The values provided earlier in Table 2 are
ised for the initial set of calculations. No attempt is made in
the simulations to model any effects due to the capillary and
plasma creation. This process is considered as part of the
overall electrical energy input.

Assumptions made for the ballistic simulations and comments
are presented in Table 3.
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TABLE 3: Assumptions For The Ballistic Simulations

1. The effects of the capillary are ignored. A
complete transfer of electrical energy to the
working fluid is assumed.
2. The gun geometry and projectile mass is given
by Table 1.
3. The gun will operate at a constant breech
pressure chosen to be 435 MPa to simulate ideal
electrothermal performance.
4. Energy losses due to friction or shocked air in
front of the projectile are not considered.
5. Energy losses due to heat transfer to the
chamber and gun wall are ignored. At the present
time the heat transfer mechanism for the
electrothermal process is not well understood. It
is hypothesized that the working fluid may reduce
the amount of heat transfer. Experimental
determination of heat transfer coefficients for
various working fluids will be required before an
adequate model for heat loss can be incorporated
in the simulations.
6. A uniform rate of interaction between the
working fluid and electrical energy input is
assumed.
7. Gas temperature is not allowed to exceed 3450
K, which is felt to be an acceptable upper limit
on propellant temperature.

In performing the initial calculations two lumped parameter
interior ballistic computer codes are used. The first 7, written
by the author, contained optimization routines to determine
charge mass for constant breech pressure guns to obtain optimal
velocity. Based upon the results of this code, IBHVG28, the
second code, was used to obtain detailed ballistic profiles. In
addition, IBHVG2 incorporates a gradient equation 10  which
reflects the effects of having a chamber with chambrage. This
gradient replaces the Pidduck-Kent or Lagrange gradient, both of
which are known to be in error for high velocity or high charge-
to-mass ratio simulations. Results using the chambrage gradient
have been shown"' to capture details in the pressure profiles and
muzzle velocity which are nearer actual gun firing results and
simulations using sophisticated hydrodynamic I-D codes such as
XNOVAKTC.12 Results of the simulations for the different working
fluids are summarized in Table 4. Breech and base pressure
profiles are presented in Figures 2 through 5. It is noted that
the velocities represent maximum values obtainable for the given
gun and working fluid under the stated assumptions.
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TABLE 4: Results Of Optimized Calculations

Property H20 LiBH4 TiH2/A1 C8H18/H202
----------------------------------------------------------
Working Fluid 44.78 31.39 73.67 43.26

Mass (g)

Muzzle Vel. 2116 2339 1754 2128
(m/s)

Total Energy 368.6 406.4 222.2 322.6
To Do Work

(kJ)

Elec. Energy 447.8 449.8 77.9 43.3
(kJ)

% Elec. En. 100% 100% 35% 13.4%

% Chem En. 0% 0% 65% 86.6%

Projectile KE 40.3 49.2 27.7 40.8
(kJ)

Electrical 9% 10.9% 35.6% 94.2%
Efficiency*

Ballistic 10.9% 12.1% 12.5% 12.6%
Efficiency"

C/M.." 2.49 1.74 4.09 2.40

Ratio of projectile kinetic energy and electrical energy input.

Ratio of projectile kinetic energy and the total energy to do
work.

Ratio of working fluid mass and projectile mass.
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The results in terms of velocity, are what would be expected
from a comparison of the impetus for each of the working fluids
given in Table 2. The electrical and ballistic efficiencies are
also consistent with ballistic expectations. Breech and base
pressure/time profiles shown in Figures 2 through 5 are
consistent with the thermochemical data with the exception of the
TiH2/Al simulation. In Table 2, the molecular weight of the gas
for this working fluid is 2.33. Such a low molecular weight gas
should result in a small breech pressure to base pressure
gradient (difference) due to the low mass of gas which needs to
be accelerated.13,14 Yet, it is evident from Figures 2 through 5
that the TiH2/Al mixture exhibits the largest pressure gradient
or drop. However, the interaction of the plasma and the TiH2/Al
mixture results in the formation of a large percent of solids,
>90% A1203, Tie 2 and A10, 1

5 which are either accelerated down the
tube or represent energy sinks remaining in the chamber. In
either case, the result is a reduction in energy and pressure.
If both gas and solids are considered, the average molecular
weight is closer to 32. Using this molecular weight brings the
pressure gradient for the TiH2/Al working fluid into agreement
with those shown in Figures 2, 3 and 5 for the other working
fluids.

At this time it is not clear how to handle working fluids
which produce a large percent of solids in the reaction with the
plasma. Thermodynamically, using BLAKE, the solids are excluded
from the impetus calculation. That is, the energy contained in
the solids is not considered available to perform work. In
addition, generally the equations used in interior ballistic
calculations assume the propellant combusts to almost 100% gas
which is the case for most solid propellants. However, it is
hypothesized by some researches 9 in electrothermal propulsion
that the solids do not remain in the chamber, but travel down the
tube in thermal equilibrium with the gases. If this is the case,
then a portion of the energy contained in the solids will be made
available to perform work on the projectile resulting in improved
performance over that predicted by the calculations given above.
Although there is some experimental evidence 9 to support this
claim, additional work, both experimental and theoretical, is
needed in this area.

As indicated earlier, a major focus of this report is to
investigate the conditions required of the electrical energy
input and the working fluid to obtain the maximum velocity.
Under the assumption of a uniform rate of interaction between the
electrical energy input and working fluid, the power requirement
can be obtained from the rate of mass change, an output of
IBHVG2. Multiplying the electrical energy density (KJ/g) by the
mass of working fluid consumed gives the electrical energy input,
that is,

Elec. Energy = Electrical Energy Density * Mass (1)

- 11 -



or, letting EE stand for electrical energy, EERHO the electrical

energy density and m the mass

EE = EERHO * m. (2)

Now the assumption of a uniform rate of interaction between the
electrical energy input and the working fluid implies EERHO is a
constant. Therefore,

d(EE)/dt = EERHO * dm/dt. (3)

However, electrical power is the time rate of change of
electrical energy or d(EE)/dt. Thus, the electrical power is
directly proportional to the mass rate of change. Applying this
approach to the results of the optimal velocity calculations
above produces the power versus time curves of Figure 6.

7 0 0 -. .. . .. .. ... ....
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500 Water
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400
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200
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Octane/Peruxide

o ci--- __ _ __ __ _
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Figure 6: Power Versus Time Required To Produce Optimal Velocity
For Various Working Fluids

The most striking feature of the curves is the distinction
between the electrical energy requirements of the endothermic
working fluids, H20 and LiBH4, and the exothermic fluids, TiH2/Al
and C8H18/H202. In all cases, the duration of the electrical
pulse is about 0.8 ms, with no distinction apparent between the
endothermic and exothermic fluids. The small drop at the
beginning of the each curve is an artifact of the IB code. In
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the first computational time step the code calculates the amount
of propellant that must be consumed in order to obtain the
desired breech pressure. Thus, the first time step has an
artificially high dm/dt which is corrected on the second time
step resulting in a drop of dm/dt. The overall shape of the four
curves, although more pronounced for the endothermic working
fluids, is the same, an almost parabolic curve followed by a
nearly linear portion of reduced slope ending in an abrupt drop.
Although this shape is somewhat different from the perfectly
linear curve which is normally indicated as required to maintain
a constant breech pressure, there is no advantage of one curve
over the other in terms of physical generation of the power
curve.1 6  Even though the abrupt drop at the end of the power
curves is a result of computer simulation, this type of
termination for the electrical input is desirable in actual
firings. Continual electrical energy input beyond the
consumption of all the working fluid can result in undesirable
increases in gas temperature.

Once the assumption concerning a uniform rate of interaction
between the electrical energy and fluid is made, most conditions
on the working fluid are fixed. The only exception concerns the
actual physical manner in which the volume of reacting working
fluid is obtained. Requiring a constant breech pressure fixes
the amount of working fluid which must be dissociated in a unit
of time, but it does not specify how that volume of fluid is
obtained. For example, a small surface area could regress a
large distance or the regression rate could be quite small with a
large reacting surface area to yield the same --clume of working
fluid. Unfortunately, a regression rate for working fluid
dissociation or combustion is unknown. Intuitively, in seems that
the amount of reacting surface area should give some measure of
the degree of turbulence and breakup of the working fluid. In
the computer simulations which were performed, a regression rate
for the working fluid is chosen and the necessary surface area to
support the constant breech pressure is computed. The regression
rate selected was that of solid propellant JA2, which, using a
standard pressure dependent law is

r = 0.15545 * P98 (4)

where r is in cm/(sec-MPa) and P is in MPa. For a pressure of 435
MPa the rate of regression would be 38.7 cm/s. In all four
simulations the required surface area increases as a function of
time. In fact, the shape of the surface area versus time curve is
identical to the power curve. The typical method of analyzing
surface area is to plot the ratio of the current surface area to
initial surface area. However, since all the curves would be the
same as the corresponding power curve, only the final ratio,
which is also the highest, is given. These values are found in
Table 5.
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TABLE S: Maximum Surface Area Ratios

H20 -- 26.24

LiBH4 -- 24.27

TiH2/Al -- 21.35

C8H18/H202 -- 23.09

For solid propellants the maximum surface area ratio is on
the order of 2 to 3, with the maximum value occurring well before
propellant burnout. Thus, the surface area ratios of Table 5 are
about an order of magnitude larger than for solid propellants.
Also, it appears that there is little difference due to the type
working fluid. If the constant breech pressure condition is to
be obtained in actual firings, it may be necessary for the
mechanical interaction between the electrical energy input
(plasma) and working fluid to break the working fluid into a
large number of -eacting particles/droplets to support surface
area ratios of this magnitude. It is important to realize that
the surface area ratios are increasing, and the interaction
process must continually produce an ever increasing number of
reacting particles/droplets. Such a continual disintegration of
the working fluid may be indicative of the necessity of a
turbulent interaction mechanism which may have a strong impact on
reproducibility for electrothermal gun systems. In all
probability, this mechanism is also highly dependent on the
combustion chamber geometry which could further complicate
analysis and reproducibility.

Of course, the surface area ratios shown in Table 5 are
dependent on the regression rate of the working fluid. It is
unlikely that the actual rate for the fluids is that of JA2, so
the ratios in Table 5 may be in error by a large amount. It is
also possible that the regression rate may not be solely
dependent on pressure as indicated by equation (4), but dependent
on other factors which admit a constant pressure but an
increasing regression rate, substantially lowering the surface
area requirements.

In summary, it appears that the requirements to produce a
constant breech pressure are feasible, at least for the
electrical input. However, based upon the surface area analysis,
very reactive conditions between the plasma and working fluid
could be required for both endothermic and exothermic working
fluids to maintain the constant pressure. Ballistic results do
seem to favor the use of the endothermic working fluid over the
exothermic fluids, Table 4. This is due to the lower molecular
weight (gas and solids) for the endothermic fluids. However,
only a limited number of working fluids are considered in this
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study and there may be exothermic fluids which result in the same
or higher velocities. In addition, the benefit of the higher
velocity for the endothermic fluids may be offset by the order of
magnitude, 450 kJ to 43 kJ, (see Table 4) increase in electrical
energy required by the endothermic fluids compared to the
exothermic fluids. An important observation from the ballistic
results concerns the TiH2/Al simulation. The velocity for this
mixture is 1754 m/s which is 17% lower than the velocity for H20.
The molecular weight of the gas for the TiH2/AI working fluid is
2.33 and 17.633 for H20. Hence, creating a working fluid which
produces gases with a low molecular weight is not a guarantee of
superior performance as has been claimed by many proponents of
electrothermal propulsion.' Not only must the working fluid
produce gases with low molecular weight to reduce the pressure
gradient and the mass of gas which must be accelerated, but the
mass fraction of the working fluid which transitions to the gas
state must be high. The gases for the TiH2/Al have a low
molecular weight but only represent a small mass fraction, < 10%,
of the total working fluid mass. There is simply an insufficient
number of moles of gas to do the necessary work.

IV. PARAMETRIC INVESTIGATIONS

The purpose of the parametric investigations is to assess
the sensitivity of the electrothermal process to several factors
which are believed to affect performance. This should provide
indications of expected reproducibility between firings of the
experimental program as well as identify the critical factors for
performance and experimental investigation. Two factors will be
considered in this study. They are:

1. the amount of working fluid consumed.
2. the interaction rate between the electrical energy input

and the working fluid.

In this study, each factor is varied separately, that is, all the
conditions found for the optimal performance in the previous
calculations will be held fixed while the one factor is varied.

1. AMOUNT OF CONSUMED WORKING FLUID

In previous calculations it has been assumed that the
working fluid was totally dissociated by the electrical energy
input during the time duration of the electrical energy pulse to
the gun. The purpose of the first parametric study is to
investigate degradation or improvement in performance if all the
working fluid is not consumed. For each of the working fluids
considered, simulations are performed with the amount of working
fluid consumed reduced by 5, 10, 20 and 30% from the amount used
in the calculations for optimal performance. The working fluid
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which is not used is treated as an inert mass taking up volume,
and totally or partially accelerating down the gun tube.
Specifically, it is assumed that either 100%, 50% or 0% of the
unreacted working fluid will remain in the chamber. Unreacted
working fluid will reduce chamber volume, and the fluid
accelerated down the tube will be treated by increasing the mass
of the projectile. Since all other conditions are held fixed,
the electrical input will be that used for the constant pressure
calculations. The assumption ot a uniform interaction of
electrical energy input and working fluid has a significant
effect on the thermochemical values for the gases, especially
Lemperatures. Table 6 gives the electrical energy density for
each working fluid for each percentage drop in the amount of
workinq fluid consumed. Appendix A provides the thermochemical
properties for the working fluids as a function of electrical
ener7y density. To perform the calculations an existing IB
code 7, equivalent to IBHVG2 in terms of predictive capabilities,
was modified so that electrical energy was an input to the
code. I  This modification was necessary since altering the
amount of working fluid consumed may not result in a constant
breech pressure calculation as used for the optimized performance
calculations of secticn III.

TABLE 6: Electrical Energy Density (kJ/g) For Various Working
Fluids When The Amount of Working Fluid Consumed Is Decreased.

% Decrease H20 LiBH4 TiH2/Al C8H18/H202
5% 10.53 15.08 1.11 1.05

10% 11.11 15.92 1.17 1.11
20% 12.50 17.91 1.32 1.25
30% 14.29 20.47 1.51 1.43

Of special interest is the increase in gas temperature which
occurs when the amount of working fluid consumed decreases.
Figure 7 summarizes the percent increase in the computed
thermochemical flame temperature of the gases for the different
working fluids and decreases in amount of working fluid consumed.
The original temperature of each working fluid/electrical energy
combination was approximately 3450 K. The maximum temperatures
obtained with the 30% reduction in working fluid consumed are
given in Table 7.

TABLE 7: Maximum Theoretical Gas Temperatures For A 30% Reduction
In Working Fluid Consumed

H20 -- 4416 K
LiBH4 -- 3954 K
TiH2/Al -- 3592 K
C8H18/H202 -- 3600 K
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Fluid Consumed - Reference Temperature 3450 K

As can be seen from Figure 7 the percent increase in
temperature appears to be heavily dependent on whether the fluid
is endothermic or exothermic. Even for large decreases in the
mass of working flu-d consumed, the flame temperature rose only a
modest 3% to 4% for the exothermic fluids. On the other hand,
H20 exhibits an almost 1-1 correspondence between the percent
increase in temperature and percent decrease in mass of working
fluid. The LiBH4 falls between the two extremes except for the
5% loss in working fluid. These trends are not unexpected, since
the endothermic fluids obtain all their energy from the
electrical energy source, whereas the electrical energy
requirements for the exothermic fluids are much lower (see Table
2). Thus, when the amount of working fluid is reduced, the total
energy supplied to an endothermic fluid remains the same, but the
total energy for the exothermic fluid is decreased by the amount
of chemical energy stored in the deleted working fluid. Now,
with the reduced amount of working fluid, the electrical energy
can be thought of as being divided into two portions, that amount
which will take the remaining working fluid to the original
state, -3450 K, and the excess which would have been used to
bring the removed working fluid to the same temperature. This
excess electrical energy, which is significantly larger for the
endothermic fluids, produces the increase in temperature. Thus,
the temperature increase would be larger for the endothermic
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fluids. The magnitude of the increase is dependent not only on
the excess energy available, but also on the complexity of the
gas molecules since the more complex molecules have higher heat
capacities which require more energy to raise the gas
temperature. This may explain the difference in the magnitude of
the temperature increasc between the H20 and LiBH4. However, the
lower temperature of the LiBH4 at the 5% reduction in working
fluid appears inconsistent and should be investigated in more
depth with a detailed analysis of constitutive products of the
different fluids at that temperature. Not surprisingly, the
sensitivity of temperature change to decrease in working fluid
mass, measured by the slope of the curves, is greater for the
endothermic fluids.

Results of the simulations are presented in Figures 8
through 10 for velocity changes and in Figures 11 through 13 for
changes in maximum chamber pressure.
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Figure 8: Velocity Changes-100% of Excess Working Fluid in Chamber
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To summarize velocity results, two trends should be
expected. First, as the amount of working fluid consumed
decreases the total available energy for endothermic fluids will
remain the same since all energy is due to the external
electrical energy source. On the other hand, for the exothermic
fluids the amount of available energy will drop by about the same
percentage as the decrease in working fluid mass. Thus, velocity
for endothermic fluids should remain about the same as in the
constant pressure calculations of section III. On the other
hand, the velocity would be expected to drop for the exothermic
fluids. The second trend which would be expected is that velocity
will decrease as the amount of unreacted working fluid which is
accelerated down the tube increases since accelerating the
unreacted working fluid will require an additional amount of
energy. These trends are clearly evident in Figures 8 through 10
except for the LiBH4 working fluid which exhibits velocity
decreases more in line with the exothermic fluids than the
endothermic H20. One reason for this behavior is that as the
electrical energy density increases for the LiBH4 the percent of
the electrical energy which is available to perform work
decreases, unlike H20 where the percent of usable energy remains
constant. This is illustrated in Table 8. Thus, using LiBH4 is
similar to using an exothermic working fluid, that is, as the
amount of working fluid consumed decreases the available energy
decreases.
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TABLE 8: Percent Of Available Energy For H20 and LiBH4 For
Various Electrical Energy Densities

Electrical Percent
Energy Density of Available

Energy
(kJ/g)

H20:
10 82.3%
11 82.5%
12 82.2%
13 81.5%

LiBH4:
14 88.6%
15 86.8%
16 85.3%
17 84.2%

As for maximum chamber pressures shown in Figures 11 through
13, there is no intuitive expected result. Less energy for the
LIBH4 and the exothermic fluids should result in lower pressures.
However, this could be offset by the slower increase in volume
resulting from reduced projectile velocity due to the lower
energy and/or the heavier effective projectile mass when the
unreacted fluid is accelerated down the tube. Also, having
unreacted working fluid reduces chamber volume and hence could
result in higher chamber pressures. For the H20, since the
energy remains constant, pressures should increase for the case
of unreacted working fluid accelerating down tube due to the
lower rate of volume increase. When all unreacted working fluid
remains in the chamber, the decreased chamber volume appears to
be offset by increased volume expansion since the projectile
velocity is higher for H20 in this case (see Figure 8). From
Figures 11 through 13, it appears that, in general, the reduced
energy has a greater effect on the pressures than the decreased
chamber volume and lower volume increase for LiBH4 and exothermic
working fluids. Thus, lower chamber pressures are observed in
all cases except for TiH2/AI when the amount of unreacted working
fluid is small and totally or partially accelerates down the
tube, see Figures 12 and 13. H20 shows the expected increases in
pressure when unreacted working fluid is accelerated down tube,
Figures 12 and 13. But the increased velocity and, thus,
increased volume expansion appears to more than compensate for
the reduced chamber volume when all the unreacted working fluid
remains in the chamber and a lower maximum chamber pressure is
predicted (Figure 11). Although an increase in velocity is
predicted with a lower maximum chamber pressure, Figures 8 and
11, using H20 it should be remembered that this was obtained only
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at the expense of significantly higher gas temperatures, up to
4400 K.

2. INTERACTION RATE

In the second parametric study the interaction rate between
the electrical energy input or plasma and working fluid is
varied. Under ideal working operation, an electrothermal gun
would exhibit a uniform rate of interaction between the plasma
and working fluid. This means that the total mass of working
fluid is completely dissociated at the exact instant the
electrical input ceased and that the amount of working fluid
dissociated for every unit of electrical energy input is the
same. These conditions are equivalent to assuming that the
working fluid acts in the same manner as a solid propellant, with
the electrical input determining the burn rate. In the context
of a rate of interaction, a uniform rate can be thought of as
meaning that the percent of working fluid dissociated at any time
is always equal to the percent of the total electrical energy
which has been transmitted to the system. Graphically this is
shown in Figure 14 by the curve labeled Uniform. However, in
practice there may be variations in the interaction rate.

For the study, three alternate interaction rates are
investigated and are presented graphically in Figure 14. For the
first, labeled 2*, the working fluid is dissociated in such a
way that the percent dissociated is twice the percent of
electrical energy input. Thus, the working fluid will be totally
dissociated at 50% electrical input. In the second, labeled .5*,
the working fluid dissociates at half the rate. Once the total
electrical input has been completed the remaining 50% of the
working fluid will dissociate at a rate which has complete
dissociation just before projectile exit. The final rate,
labeled Sine, has a slower rate for the first 50% of electrical
energy input and a higher rate thereafter until completion of the
electrical input at which time the working fluid has been totally
dissociated. Specifically, the Sine curve was obtained by
fitting a 4th degree polynomial to the points (0,0), (25,15),
(50,50), (75,90) and (100,100). The purpose in selecting these
interaction rates was to bracket the extremes, 2* and .5*, and to
investigate small perturbations about the uniform rate, Sine.
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As a consequence of changing the rate of interaction, the
electrical energy density and, hence, thermochemical properties
will no longer be constant during the ballistic event as is
assumed for solid propellant IB calculations. To account for
changing thermochemical properties, the IB code used in the
previous parametric study was further modified to determine the
appropriate thermochemical values for the electrical energy
density on each time step. As for other assumptions, since the
quantity varied is the interaction rate, the power curve and
working fluid charge mass were those determined by the earlier
constant pressure calculations of section III. Thus, for a given
working fluid, the total energy in each simulation is the same as
the constant pressure calculation. Finally, simulations were
performed for one endothermic, H20, and one exothermic,
C8H18/H202, working fluid.

As before, the quantities of interest are projectile muzzle
velocity, pressures and temperature. Velocity results together
with the results for the uniform, constant pressure, calculations
are presented in Table 9.

- 24 -



TABLE 9: Ballistic Results Using Various Interaction Rates With

H20 and C8H18/H202

Working Fluid: H20

option Velocity % Difference Pmax
(m/s) with Uniform (MPa)

2* 1873 -11.5% 367
.5* 2196 +3.8% 472
Sine 2161 +2.1% 527
Uniform 2116 0.0% 435

Working Fluid: C8H18/H202

option Velocity % Difference Pmax
(m/s) with Uniform (MPa)

2* 2408 +13.2% 816
.5* 1877 -11.8% 379
Sine 2224 +4.5% 579
Uniform 2128 0.0% 435

As indicated by Table 9, H20 appears to be less sensitive
than C8H18/H202 to the change in interaction rate. As would be
expected, both show the smallest percent change for the Sine
option which was the moderate perturbation. For the extreme
cases, 2* & .5*, however, results are quite different. The
velocity for H20 decreases for the 2* option and moderately
increases for the .5* option. Just the opposite is true for the
C8HI8/H202 working fluid, showing a large increase for the 2*
option and a large decrease for the .5* option. The behavior for
the extreme cases can be understood by investigating the breech
pressure profiles shown in Figures 15 and 16 and computed gas
temperatures shown in Figures 17 and 18. However, before
presenting the analysis it is important to note that the area
under the pressure curves appears to correspond to the muzzle
velocities shown in Table 9. In fact, the pressures indicate a
much greater sensitivity for C8H18/H202, almost 450 MPa
difference in pressure, than is indicated from a comparison of
velocities only.

First an analysis for the 2* option is presented.
Intuitively it would seem that the 2* option should result in
larger pressures earlier in the ballistic cycle, since more
material is being consumed. Option 2* is analogous to doubling
the burning rate for solid propellants. However, unlike solid
propellants, the electrical input represents an additional energy
source and is the same in all simulations for a given working

- 25 -



fluid. It is the combination of these two factors, mass consumed
and the amount of electrical energy input at the current time
step which determine the resulting pressure. In this report
electrical energy density, defined by mass consumed/ electrical
energy input, has been the measure of the relative relationship
of these two quantities. Now consider option 2* with H20. Until
half way through the input of the electrical energy the same
amount of energy as in the uniform case but twice the amount of
H20 will be reacted in the system. Thus, twice the amount of
energy, since there is twice as much fluid, will be used to
simply dissociate the working fluid to the gaseous state. In
addition, the remaining energy, used to heat the gases and create
pressure, is diluted by having to operate on a larger mass of
gas. This is reflected in the lower pressure shown in Figure 15
and lower temperature of Figure 17. Finally, the lower pressure
translates into reduced force on the projectile and lowered
velocity. For the exothermic fluid, C8H18/H202, however, having
twice the mass means having almost twice the available energy,
since about 90% of the usable energy is stored in the working
fluid. Thus, the higher pressure of Figure 16 and increased
velocity would be expected.

A similar type argument holds for the .5* option. For H20,
there will be half as much fluid, but the same amount of energy.
This should provide more energy to heat the gas, as shown in
Figure 17, and increase pressure, Figure 15. One factor which
will tend to lower the pressure is that there will be half the
number of moles of gas. These conflicting factors, at least for
pressure, explain why even for the hotter gas the pressure for
the .5* option is only about that of the uniform calculation,
435MPa. Using C8H18/H202 with the .5* option will substantially
lower the amount of energy which will tend to lower pressure as
shown in Figure 16. Analysis of the Sine option requires a
combination of both of the preceding arguments since this option
has features of both the 2* and .5* options. The pressure,
Figures 15 and 16, and temperatures, Figures 17 and 18, are
consistent with such arguments and will not be presented.

As discussed in the previous paragraphs, the flame
temperatures in Figures 17 and 18 are consistent with the
different assumptions of the interaction rates. However, the
large difference in temperature fluctuation exhibited by the
endothermic fluid, 1900 K to 5500 K, in comparison to the
exothermic fluid, 3200 K to 3750 K, highlights a disadvantage
associated with using endothermic working fluids. When the
electrical source supplies a large percentage of the total
energy, as for the endothermic case, if a sufficient amount of
working fluid is not being dissociated the excess electrical
energy will result in substantial increases in gas temperature.
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To summarize, it appears that there are significant
differences between endothermic and exothermic working fluids if
the interaction rate between electrical energy and working fluid
varies. Exothermic fluids exhibit greater variability in terms
of pressure and velocity. Yet, computed fluctuations in gas
temperature are small. On the other hand, the endothermic
woikiig fluid does not show as lauge a variation in pressure and
velocity measurements, but produces large changes in gas
temperature. This is especially worrisome if the amount of
working fluid actually reacting with the plasma is less than
expected. In the case studied, option .5*, pressure, Figure 15,
and velocity, Table 9, are almost identical to the constant
pressure calculations, but the gas temperature, Figure 17, is
2000 K higher!

V. COMPARISONS

It is important to ascertain the potential benefits of any
proposed technology relative to that in current use. Toward that
end, comparisons in terms of velocity are made between
electrothermal and solid propellant simulations. For the solid
propellant calculations a JA2 propellant is assumed. The
electrothermal simulations were performed using the four working
fluids discussed in this report with the amount of electrical
energy input adjusted to provide gas temperatures equivalent to
JA2, that is, the same conditions as used in the optimal velocity
calculations performed in section III. The gun envelope is
that used earlier as given in Table 1. Calculations for the
solid propellant cases were performed using IBHVG2 and XNOVAKTC.
Two solid propellant simulations were performed. The first
involved varying grain geometry and mass to obtain the highest
velocity under a breech pressure constraint of 435 MPa. This
series of calculations gives the highest velocity which in
practice can currently be obtained with solid propellants and is
considered for purposes of computing percent differences with the
other simulations as the baseline case. The second simulation
was a constant breech pressure calculation imposing the 435 MPa
constraint. This calculation provides the highest velocity which
can be obtained using ideal solid propellant. In addition, since
the constant breech pressure assumption is the same as that used
in the ET simulations, this calculation also indicates if there
is any inherent advantage of using a working fluid in place of a
solid propellant. For the ET simulations the constant breech
pressure calculations of section III are used. In all
simulations no heat loss was considered. Results are summarized
in Table 10.

- 29 -



TABLE 10: Comparison Of ET And Conventional Simulations

Type Propellant/ Charge Velocity %Diff. Elec.
Simulation Working Fluid Mass with Energy

(g) (m/s) Cony. (KJ)

Conventional JA2 58 1891 NA 0.0
Geometry Varied (l-perf)

Conventional JA2 56.36 1945 + 2.9% 0.0

Constant Breech

ET H20 44.78 2116 +11.9% 448

ET LiBH4 31.39 2339 +23.7% 450

ET TiII2/Al 73.67 1754 - 7.2% 78

ET C8HI8/H202 43.26 2128 +12.5% 43

A comparison of the velocities shows that electrothermal
guns can substantially out perform conventional solid propellant
systems, by as much as a 23.7% increase, given the correct choice
for the working fluid in the system being studied. However, as
Table 10 indicates, a large amount of electrical energy is
required to realize this advantage. The moderate increases for
H20 and C8H18/H202 indicate that one of the basic underlying
assumptions for the electrothermal process may be valid, in that
areater velocity can be achieved using the lighter molecular
weight gases. This point is further underscored by comparisons
with the constant breech pressure conventional calculation where
the only difference with the ET simulation is the molecular
weights of the gases. However, the low velocity figure for the
TiH2/Al illustrates that care must be taken in pursuit of lighter
molecular weight gases. The percentage of solids which are
formed from the interaction of the plasma and working fluid must
not be large. Solid particles are energy sinks and reduce the
effective energy of the mixture. An analogous way to view the
situation is that a high percentage of solids reduces the mass or
number of moles of gas, n, which when applied to the equation of
state

P * V = n * R * T (5)

would result in lower pressure, P, for fixed volume, V, and
temperature, T, with R the universal gas constant. Lower
pressures, of course, result in lower velocity. This is not a
problem for solid propellant, since almost all of the propellant
transitions to a gaseous state, but it can be for certain working
fluids in the electrothermal process. In analyzing the
electrothermal process it is important to remember that some of
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the equations of interior ballistics have assumed that the
propellant transitions almost entirely to a gas, and, thus, the
assumption must be corrected if a significant amount of the
dissociated working fluid is solids.

To summarize, the comparisons indicate that ET propulsion
can out perform convention solid propellant systems with no
penalty in gas temperature, at least for the system under study.
However, the magnitude of the increase is very dependent on the
choice of working fluid. In fact, a poor choice of working fluid
can result in decreased performance.

VI. CONCLUSIONS

This work is not intended to be an exhaustive study of the
operating characteristics of the electrothermal process. This
goal can not be realized without the development of a
sophisticated, hydrodynamic code which accurately models the
complex interaction processes between plasma and working fluid
and which has also been validated by experimental results. The
purpose of this report is to investigate conditions for favorable
ET performance as well as conditions which can result in a
degradation of this performance and ballistic variability.
Results can be summarized as follows.

Conditions tL achieve optimal performance utilizing
the constant breech pressure gun have be
investigated. Although the electrical power input
appears feasible, obtaining the proper fluid
vaporization/combustion rate may be difficult and
could be a source of variability in experimental
firings.

The ET concept can out perform conventional solid
propellants at comparable gas temperatures, at least
for the gun envelope studied. However, the choice of
working fluid is critical.

For the electrothermal process, pressure, velocity
and temperature variability is strongly dependent on
the plasma-working fluid interaction process. This
has important implications for experimental programs.
Seemingly identical firings may produce vastly
different results due to changes in the interaction
process caused by any one of a number of factors.

Endothermic working fluids show less pressure and
velocity variability than exothermic working fluids.
However, this greater stability in pressure and
velocity is offset by large fluctuations in gas
temperature.
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APPENDIX A
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TABLE A-2. Lithium Borohydride & Water
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TABLE A-2 Cont. Lithium Borohydride &Water
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TABLE A-3. Titanium Hydride & Aluminum & Water
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TABLE A-4. Octane & Hydrogen Peroxide
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