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Abstract

The intense radiation from the arc in a rail-
gun ray cause vaporization and partial ionization
of rail and insulator material, The mass of
materia) added to the arc can have a significant
adverse effect on prejectile velocity. A numer-
ica) model has been developed to predict the
change in mass of the arc as a function of
several parameters, That model has been incor-
porated in the Los Alamos Railgun Estimator
(LARGE) code and simulations have been run to
assess the accuracy of the model., Analytical
predictions were found to be in good agreement
with 2xperimental data for railgun tests run at
Ltos ~lamos, Ablation appears to have a signi-
ficant effect on railgun performance.

[ntroduction

#ailquns {electromagnetic accelerators) are
devices that arcelerate nrojectiles by the inter
action of an electric current and a magnetic
fieli. A schematic diagram of a railgun is shown
in F1y. 1. The basic elements include two paral-
lel stationary conductors (rails that are bridged
by a moving armature), When a voltage is applied

wcross the rails, o current flows down one rail,
thro.gh the armature, and back through the other
rail, Hoth solid and plasma (arc) armaturcs have
been used in ratlguns,  This paper is concerned
«wrth o plazma armaature that starts as a metal
canductor (fuse); the fuse is vaporized by ini-
tial Current tlow and the armature is in the

torec ot an arce throughout most of the acceler-
ation period,

the current in the rails gives rise to a

magneLic Pield that interacts with the plasma

current to cause a2 x B force on the arc, The

Are veerts g torce on the projectile causing a

rapid o acce'eraton in the positive x direction,
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A prediction of the performance of a railgun,
that is, the rail current and projectile velocity
and position as functions of time, is a combined
electrical and mechanical problem. The ratlgun
represents an electrical load whose properties
vary with projectile position, Many predictions
of railgun performance have been done, ranging
from simplified calculations of projectile
velocity and position from a known total current
to more complex calculations of rail current and
projectile performance.! Performance models
have tended to nverestimate projectile veloci-
ties. This has been accounted for in the models
by using effective values of the rail inductance
gradient, which is used to calculate the force
on the projectile from the current,¢ or by
using empirical friction losses.3 The behavior
of the arc is another area in which many simpli-
fying assumptions have been used in performance
models,

The Los Alamoe Railgun Estimator (LARSE) is
a perfo-mance model that was written to calculate
rail current and projectile velocity and posi-
tion from a description of the power supply and
railgun,? LARGE has been used to design rail-
gun tests and analyze data taken during tests.4
It can model a capacitor bank, large inductances
in the power supply, explosively driven magnetic-
flux compression generators (MFCGs), and various
railgun configurations such as square bore, round
bore, staged systems, or distributed systems, An
attempt was macde in writing LARGE to use as few
empirical models or parameters as possible within
the constraints of a fast-running code. To this
extent, all rail inductances ana resistances are
calculated from a physical description of the
rails. A calculated rail inducrance gradient
(high-frequency 1imit) i5 used to determir~ the
force on the projectile.” cstimates of how
current diffusion chanaes rail 1nductange and
resistance with time are also included,
Simple, empirical models were employed in two
areas: for the plcssia armature and for friction
between the projectile and bore walls., The arc
is modeled electrically as a voltage drop that
varies from a few hundred volts at low current
to about 500 volts at 1 MA, This model was
developed from muzzle-voltage measurements on
railgun tests at Los Alamos. The electrical
model of the arc in LARGE will require further
work, A simplified model of friction between
the projectile and bore walls was added to LARGE
when it became obvious that measured projectile
velocities were always less than predicted, even
if the actual rail current was used, Good agree-
ment between measured and calculated velocities
was obtained by fintroducing a friction parameter
that discarded a constant portion (normally
20-90%) of the sccelerating force during the
calculation, However, this model was somewhat
arbitrary brciuse no independent means of cal-
culating friction effects was found,

Recently, Parker? su?qested that the most
siynificant loss in a raliqun fs that caused by
ablation of the rails or sidewall material, He



postulates that the extremely large radiant
fluxes from the arc cause evaporation and sub-
sequent ionization of material, which is then
added to the arc. This additional mass must
also be accelerated so that the final velocity
is lower than in a case with no ablation.

The objective of the work summarized in this
paper was to develop a model that could accurate-
lv predict the change in mass of the arc and to
incorporate that calculation into the LARGE code,
This model will replace the empirical friction
mode! currently in ' ARGE.

The Ablation Model

Tne physical processes occurring in the arc
of a railgun are extremely complex, SO some Sim-
plifications are nacessary. A complete de-crip-
tion wouii require a three-dimensional transient
solution of the conservation of mass, energy,
momentum, Maxwsll's equations, and several
auxiliary relations, The equations are hLighly
nonlinear besause of the radiatign effects and
the ionization equations. McNab® carried out
an analysis neglecting spatial variations of
pressare and temperature that gave reasonable
vstimates of the properties of the arc. More
recently, Powell and Batteh extsnded that analy-
518 L0 Inciude axiai varialions” and later
transverse variationsl0 of thermodynamic and
electrical praperties of the arc for a railgun
of rectangular cross section, The approach used
here was th neglect spatial variations of arc
propertics oo that values of arc temperature,
deogqree of donication, etc., are regarded as
average values . The effect of this cimplifica-
tinn appedrs to have a minor effect on the calcu-
Tation of the nass of the arc. Predictions of
are longth are somewhat more questionable,

The inerqy Balance
AN P AL kil

The rate ot .oule heating in the arc is
determined At anv instant of time by calcula-

tion, performed 1n the [ARGE code, LARGE uses
an eeplicit merching procedure so that param-
cters calcutated 2o the end of a time step,

t o+ \t, are based an conditions at time t, lor
the arc constdered 1w g control volume
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AnersToand Y oare are current and voltage drop,
woand egoare the mass and specific enerqgy of
the M chpmieal species, and Qg is the radi-
ant energv Teaving the arc in tﬁe time at, Tho
radint o eneragy may be divided into two portions:

tyy which represents enerqy conducted into the
ol mterialy swrrounding the arc, and Damyey 4,
the cnergy that qoes into vaporizing mass, wherd
ey i is the spoecitic vaporization energy and

A} s the mass of the W species evaparated

and added Lo the are during the time at., fqua-

tion (1) may then be wreitten in the form

tvat - e aa - pimyer), . {(?)

Radiation flux from the surfece of a semi-
infinite body of high-temperature gas at uniform
temperature is given by

Q= UT‘ ) (3)

where ¢ is the Stefan-BoltiTann constant and T
is the plasma temperature, For the range of
temperatures of interest here (T > 10 000 K),
the mean free path for radiation is much smaller
than the characteristic cross-stream dimension
of the railgun, We therefore use equation

(3) to calculate the radiant energy flux from
the arc.

Partitiuning of Radiant Energy

A portion of the radiant energy striking the
cooper rails goes into vaporizing materials, and
the rermainder is absorbed vy the rails, A sepa-
rate analysis was performed to estimate the
partitioning of radiant energy. EXPLO, a une-
dimensiondl conduction code devcloped by
0. L. Jaeger,12 was used for these calcula-
tions, Initial calculations indicated that for
the magnitude of heat fluxes of interest here,
the surface temperature of the copper reached
the vaporization tommerature in g $imc much
shorter than the flux residence time. We
therefore neglected that initial phase of the
conduction process and solved the problem shown
schematically in Fig, 2. We assume that the
naterial ‘s uniform?y at the vaporjzation temper-
ature at some depth. Then we compute 7, the
quantity of energy transferred into the liquid
and solid material as a function of time. The
remaining energy, Qp - G vaporizes a mass
of material

AM = (QR - QL)/ev . (4)

If melting is neglected, the ignduction prob..

lem may be solved in closed form. The result
is
QL = K(Ty - T/ (nat)1/2 (5)
VAPOR LIQuUID SOLID
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vig., 2. Model for ablation analysis,



where ¥, and a are the thermal conductivity and
diffusivity, respectively, Ty is the initia)l
temperature of the material, and t is the resi-
dence time of the arc. The shape of the Q vs

t curve, wnich was obtained by applying the EXPLO
code to the problem, including melting, was
nearly identical to equation (5), The results

of the analysis for copper may be expressed as

¢ =0.950Q . ()

The othor materials surrcunding the arc are
insulating materials that have thermal conduc-
tivities two orders of magnitude iower than that
of cepper. We assume that all radiation absorbed
by those materials goes into ablation. The
radiant energy exchange between the arc and a
surrounding surface is given by

Cp,j = of Fa,j(T4 - 1§ j)at, (7)

where A is the effective surface area of the arc
and Ty j is the vaporization temperature for
curface j.  This assumes all surfaces are
radiatively black,

The time, t, for use in equation (5) is the
residence time for the arc, This is computed on
the basis of the length and velocity of the arc
3t a given time,

Tonizatinn and Specific_Cnergy Calculations

A detailed analysis of the behavior of a
slastic (Lexan, .Jor example) as it is heated
#ould be quite complex, We are able to bypass
sart of teis problem, however, because the tem-
nerature 1n the arc is so high that th: matter
contained in the arc may be assumed dissociated
into elemental chemical species. It is then
possible to determine the specific energy that
must be added to a plastic of known composition
to produce a gas consisting of elemental atoms.
We une this approach to calculate a "vaporiza-
tion" enerqy for the insulating side walls, [t
is then necessary to perform an fonization analy-
sis to determine the deyree of jonization and
resulting specific energy for each constituent
at higher temperatures,

We assume that atoms in the arc may be, at
most, doubly fonized, Preliminary calculations
have shown that for temperatures up to 40 000K,
the numbor of triply ionized particles will be
quite small, The degree of fonfzation is
computed for cah cnemical species from the
simultaneous solution of the following set of
equat ions,
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n=n + n2 + fn and (10)
neg =Ny +2np (11)

where n represents a number density (per cubic
meter) and ¢ is an ionization potential, The
subsciripts 1 and 2 refer to single and double
ionization and the subscripts n and e refer to
neutral atoms and electrons, respectively, The
statistical weight, Gy, is the ratio of the
partition functions Py/Pj_1, where i refers

to the level of fonization, The symbol k repre-
sents Boltzmann's constant. The values of n and
T are assumed known. Simultaneous solution of
equations (8)-(11) leads to a fourth order poly-
nomial that is solved by an iterative procedure
tc determine ny, np, ne, and np.

The method of calculating the degree of ion-
ization and specific energy for each constituent
is based on the principle of partial volumes. The
tota) number of particles of each constituent is
computed from

m‘A
Ni - 'H; . (12)

where m; and Mj are the mass and molecular
weight, respectively, and A is Avagadro's number.
Partial volumes are computed from

Vi = V'Ny/INy (13)
where V' is the arc volume. Then
ni = Ni/V3 (14)

is used to compute the number density of atoms
for use in equation (10).

The specific energy for each constituent is
computed from

ey = [e1(n] *+ n2) + c2(n2)]yvy/imy
tey i toy 4T Ty i) (15)

where e, 4 15 the specific heat and Ty } is
the vaporlzation temperature, Vvalues df foniza-
tion potentia) and statistical weights were
obtained from Refs. 14 ana 15, Thermophysical
property data were taken from Ref. 16,

The pressure in the arc varies from a high
value at the projectile surface to essentially
zero at the free surface of the arc, The
pressure at the projectile is determined by a
magnetic force calculation in LARCE. Detailed
calculations of the axial variation of pressure

pe~formed by Powell and Battehd indicate that



the pressur: varies approximately linearly in
the a»ial direction, We therefore select one-
nalf the pressure at the projectile surface as
the average arc pressure, P, This is used with
the equuetion of state

PY' A NpKI (16)

to calculate the arc voi.m2 V', The symbol Ny
represents the totsl numbe, of particles in the
arc. An estimate of the arc length is obtained
by dividing V' oy uie cruss-sectional area of
the railqun bore,

Subroutine ARCMASS and Modifications to LARGE

f subroytine that r—rforms the calculations
discussed above was developed for incorporation
in the LARGE ~ode. Initial data requirec in
ARCMASS include the mass of the fuse (ini.ial
arc mass) and radiation view factors, ionization
data, and thermophysical property data for all
mater.als, Subroutine ARCMASS is called once
for vach timestep. Inputs from the LARGE code to
ARCMASS include values of current arc, voltage
arop, projectile velocity and acceleration,
magnetic force, and length of the time step,

Fadiation exchanges between the arc and otner
matertals are computed using equation (7). Equa-
tions (») and (R} are used te find the energy
absorbicd by the rails, Maess additions are calcu-
11tec from equation (4) for copper and from a

similar equation (with QL = 0) for the insula-
tors. Finally, a new arc temperature is calcu-
tates by a trial and error procedure, A new
temperature 15 assumed and the fonization equa-
tiorw (8)-(11) are s0lved to Jetermine the degree
of ionization of each material, The specific

eneryy of each constituent and total arc energy
At the end ot the time step is found from equa-
tion (15). The arc temperature is adjusted and
this process is repeated uatel the energy bal-
ance, equation (2), is satisfied,

Anooriginally written LARGE did not acrount

tor variatiosng in the mass accelerated. A sim-
plitied version ot hewton's law

S o v /dt) (17)
Coutd be used, where © iy force, m is the mass
accelorated, a iy acoeleration, v is velocity,
and toas Lime, o However, if the mass acceler-
ated can ovdry, the correct formulation is

(v ar om{dvidt) 4 ov(dm/dt) (i8)
Pyorewriting eguatiton (18) in the forw

WAt [F s vdigat) Jmey (19)

we can see how ablation (dm/dt > C) affects pro-
Jetile velocity, In particular, if the product
it velocity and ablation rate is larger than the
aceelerating force, velecity cen decrease., Th»

calealation of the velocity of the projectile

plus arc mass in LARGE has been modified to ccri-
form with equation (19).

Results

LARGE, with the arc-ablation model, was used
to calculate the performance of a number of Los
Alamos railgun tests where sufficient diagnostic
data were avajlable to allow comparison between
calculation and experiment. In a test on
October 26, 1982, a 1.13-m-long, square-bore
(12.7 x 12.7 mm) railgun was used to accelerate
a 4.2-g projectile from an initial zero veloc-
jty.3 A capacitor bank charged to 0.2 MJ and
a 3-m-long MFCG (76.2-mm-wide plates with 76.2-.mm
separation) were used to power the railgun. Two
calculations of rail current and projectile
velocity and position as functions of time were
done tor this test. In the first calculation,
the mass of the projectile plus fuse was assumed
to be constant; this calculation was called ideal
because no friction or other 10ss mechanism was
accounted for. In the second calculation, the
arc-ablation model described in this paper was
employed. Figure 3 shows a plot of calculated
ana measured rail current for this test. The
calrulated carrent labeled ideal is well below
the measured current in the 400-600 us time
range, This occurs because in the ideal calcu-
lation the projectile velocity {is larger than
the measured velocity; the projectile is further
down the gun at a given time resulting {n more
totai V.ductance from the rails and a lower
current. The calculated current labeled arc-
ablation model shows much better agreement with
the observed current, Figure 4 shows a plot of
the projectile position as a functiun of time,
The individul' points show positions measured by
magnet i¢ probes nlaced along the axis of the
rails. The agreement between the calculated
position using the arc-ablation model and the
measured position is quite good. The final
velocity calculated using the ideal assumption
is 5.6 km/s compared with 4,2 km/s usfig the
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Fig. 3. Current vs time for October 26,
1982 test.
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arc-ablation model. Figure 5 shows a plot of
the total mass accelerated as calculated using
the arc-ablation model., The initial mass is the

4,2-« projectile plus 0.07-g fuse. During the
imtial %0 us, essentially no macs 1s added be-

cause the current is relatively low, The final
mass. accelerated is almost double the initial
mass.,  Figure 6 shows a plot of arc length as
calenlated using the arc-ablation model as a

function of time, Two estimates of arc lergth,
made from magnetic probes located alony the
railn, are also shown, The calcilated arc
lengths are mych greater than the measured
values,  This could result from an underestima-
tion of the average pressure in the arc by the
model, or it could indicate tht the measurements
do not sense the entire arc, The measured arc
longths are derived from magnetic field measure-
ments made with probes that sense currunt flow
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Fig. 6. Arc length vs time for October 26,
1982 test.

in the arc as it passes under the probe. Thus,
only those portions of the arc that carry sig-
nificant amounts of current would be sensed by
the probes. The sharp rise in calculated arc
lenqgth, from 530-600 s (see Fig. 6), corresponds
tn the time when total current 1s uvecreasing
(see Fig, 3) The calculated position of the
back of the «rc actually moves back toward the
breech during this pericd, Another railgun
test, which was similar to the test described
above, was conducted on September 23, 19R2.
Comparisons between calculated (using the arc-
ablation model) and measured rail current and
projectile positicn as a function of time are
similar to those shown in Figs. 3 and 4.

In another test, conducted on August 5, 1982,
a 0.53-m-long, round-bore (16-mm diameter) rail-
gun was used to accelerate an 18,5-g projectile
from an initial zero velccity. The capacitor
bank was charged to C.3 MJ and supplied a
3-m-long MFCG (76.2-mm-wide plates with 76.2-mm
separation), Again, two calculations were done,
an ideal calculation and a calculation using the
arc-ablation model, Figure 7 shows a plot of
projectile position as a function of time for
this test, The difference between the ideal
calculated position and the measured position is
smalier than that seen in Fig. 4, The position
calculated using the arc-ablation model is again
in good agreement with the measured position,
The final mass accelerated is about 30 greater
than the initial mass, Althou.i the absolute
mass gain from ablation in this test (about 6 gq)
is greater than the gain in the October 26, 1982,
test (about 4.5 g), the gain in this test is a
smaller percentage of the initia) mass and thus
causes a smaller devialion from the ideal (no
mass gain) calculation. The final veloc:.ty cal-
culated using the ideal assumption is 3.25 km/s
comp?rnd with 2.89 km/s using the arc-ablation
model.

These comparisons indicate that the arc-
ablation model provides an excellent replacement
for the empirical friction model that had been
used in LARGE., The arc-ablation model has the
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auvartage of providing a physically realistic

mechariism for the lower observed velocities that
can be tested and used to predict the effect of
tnis  ochanism an future systems,

Aoverites of calculations was done to show the
crtect of oarc anlation on the final velocity of

projec tyles of various wdsses, For the calcula-
tions, A high-inductance power supply (about 20
L) W used to power a 10-m-long railgun with
LML um inductance gradient,  For these condi-
“ions, the effect ot projectile velocity on the
ratl urrent is small so that all the calcula-
thong have a similar current profile, a peak
Carret ot about 975 kA at 300 us decaying to
ot b0 KA at 4000 ys,  The projectile was
ansuiead to have an initial velocity of 1 km/s,

Craur o 3 shows o plot of the ratio of the final
- v v
4 e 1o, o 16,0
VL NRSS Tgrogmeg )
fre, o Fttect of arc ablation on prajec-
tile velocity for various mass

projectiles,

velccity calculated using the arc-ablation model
{v) to the ideal (no mass gain) velocity (vj).
The effect of ablation is greater on projectiles
of smaller mass; in this case a 5-g projectile
attains only about half of its ideal final veloc-
ity. Because of the relatively long acceleration
times (1300 us for a 5-g projectile to 4400 us
for a 160-g projectile) and high currents, the
mass ablated is large (from about 8 g for a 5. g
projectile to about 45 g for a 160-g projectile)
compared with the tests described above., The
results presented in Fig, 8 depend strongly on
the assumptions about railgun length, rail cur-
rent, acceleration time, and initial projectile
velocity. Although they are not universally
applicable, they do show the trend of increasing
effect of ablation as the initial projectile
mass decreases.

Conclusions

A model has heen developed to predict the
rate of ablation and increase in mass of the arc
for an arc-driven railgun, This model has been
incorporated in the LARGE code that is used to
predict the performance of various types of
railquns, Analytical predictions are found to
ve in good agreement with experimental results
for railgun tests conducted at Los Alamos.

The results obtained here indicate that the
ablation of rail and insulator material can have
a significant adverse effect on railgun perfor-
mance. The effect is greater for small masses
accelerated to very high velocities than for
large masses accelerated to moderate velocities.
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