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postract

The intense radiation from the arc in a rail-
gun uay cause vaporization and partial ionization
of rail and insulator material., The mass of
material added to the arc can have a significant
adverse effect on prcjectile velocity. A numer-
ical mode) has been developed to predict the
chanye in mass of the arc as a function of
soverd] paraweters. That wmodel has been incor-
porated in the Los Alamos Railgun Estimator
(LARGE) code and siinulations have been run to
assess the accuracy of the model. Analytical
predictions were founl to be in good agreement
with experimental data for railgun tests run at
lLos Alemos. Apblation appears to have a signi-
ficant effect on railgun performance,

Introduction

#ailquns (electromagnetic accelerators) are
devices that arcrderate nrojectiles by the inter
action of an electric current and a magnetic
ficli. A schowmatic diagram of a rafilgun is shown
in F1g. 1., The hasic elenents include two paral-

le1 stationary conductors (rails that are bridged

Wy o fMoving areature),.  When a voltage is applied
1cross tho rails, o current flows down one rail,
*hrogh tho armatare, and back through the other
i), Both solid and plasma (arc) armaturys have
woon used in e lgquns, This paper is concerned
Wt g plasma aesture that starts as a metal

condactar (fuse): the fuse is vaporized by ini-
Lial careent thiw and the armature is in the

tartc vt aa e tinoughout most of the acceler-
atiow |n‘|‘i0~|'

Me carreat in the rails gives rise to a
migaetic tield that intpracts with the plasma
carrent to canwe o x B force on the arc, The
e vt a tarce on the projectile causing a
rapid aecrerateon in the positive x direction,
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Vig, 1, St e dbvaean o an arc-dr bven
ot bgan,

A prediction of the performance of a railgun,
that is, the rail current and projectile velacity
and position as functions of time, is a combined
electrical and mechanical problem., The raflgun
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 overestimate 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,c or by
using empirical friction losses.® The behavior
of the arc is another area in which many simpli-
fying assumptions have been used in performance
models,

The Los Alamee Railgun Estimator (LARSE) is
a perfo-mance model that was written to calculate
rail current and projectile velocity and posi-
tion from a descriptian 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 eapacitor 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 made 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 inductance gradient
(high-frequency 1imit) {5 used to determir~ the
force on the projectile.” cstimates of how
current diffusion changes rail 1nductange and
resistance with time are also included.
Simple, empirical models weve employed in two
arreas: for the plc¢ima armature and for friction
hetween 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
mocte]l 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 becamne 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 ohtained by introducing a friction parameter
that discarded a constant portion (normally
20-90%) of the accelerating force during the
calculation, However, this model was somewhat
arbltrary bsciuse no independent means of cal-
culating friction effects was found,

Recently, Parker’ su?qested that the most
significant loss in a rallqun is that caused by
ablation of the rails or sidewal) 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 summarfzed in this
paper was to develop a model that could accurate-
1v predict the change in mass of the arc and to
incorporate that calculation into the LARGE code.
This model will replace the empirical friction
model 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 woui1 require a three-dimensional transient
solution of the conservation of mass, energy,
momentum, Maxwell's equations, and several
auxiliary relations. The equations are kighly
nonlinear because of the radiatign effects and
the ionization equations. McNab® carried out
an analysis neglecting spatial variations of
pressare and toupmrature that gave reasonable
vstimates af the properties of the arc. More
recently, Pewel ) and Batteh extsnded that analy-
518 Lo anciude axiatl varialions® and later
transverse variationslO of thermodynamic and
alectrical properties of the arc for a railgun
ot roctanaular cross section, The approach used
e was o omeglect spatial variations of arc
traperties o 1nat values of arc temperature,
doaree ol doneation, etc., are regarded as
averange values. The effect of this cimplifica-

tion appears to have a minor effect on the calcu-
lation nf the nass of the arc. Predictions of
A lanygth are somewhat more quest ionable,

The tnerqgy Balaneg
ISR B LALLM

the rate ot hwle heating in the arc is

determined at anw instant of time by calcula-
tion, performes) ane the | ARGE code., LARGE uses
o e licit wmarelimn procedure so that param-
cters Caleulateg) o the g of a time step,

t o+ b, are bhatwsl an omditions at time t,  for
e are cons e s g control volume

[VAL + 7 v
Vv,

t il
Y

'wivi)t'\t - }j(mi(;‘.)t ,

e 1 oaeel Y oare are careent and voltaye drop,
Sl e are the mass ane specific energy of
v MY chemiea b wpecies, and Qg s the radi-
ant o caergy Teavina the arc in tﬁe time at, Tho
cadimt varrgy may he alivider! into two portions:
), whieh pepresenty vnerqgy condacted into the
solit materialy sarounfing the arc, and Damgey ),
M cmerny Lhiat gies fnto vaporizing mass, wherd
Oy i the wpec it vaporizatlon energy and

A e e mass af the i specles evaporated
Al added Lo the are dmting the time at,  fqua-

tion (1) may then be weitteon fn the forn

lvat - Ql + “(mi"i)LOAL - };(miu])t . (?)

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

q e °T4 ’ (3)

where ¢ is the Stefan—Bo]tiTann 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 remainder 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
D. 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 vapprization tomeeratures in o time 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
materia) ‘s uniform?y at the vaporization temper-
ature at some depth. T.en we compute 7, the
quantity of energy transferred into the liquid
and solid material as a function of time. The
remaining energy, Qg - Q_ vaporizes 4 mass
of material

am = (Qr - Q. )/ey . (4)

If melting is neglected, the ignduction prob..

lem may be solved in closed form, The result
is
QL = K(Ty = TP/ (rat)}/2 (5)
VAPOR LtQuID SOLID
Qu S e .,,_Q.L_A>
\Y \
W
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7ig. 2. Model for atlation analysis,



where ¥, and o are the thermal conductivity and
diffusivity, respectively, Ty is the initial
temperature of the material, and t is the resi-
dence time of the arc, The shape of the QL vs

t curve, which 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

t

G = 0.950Q . (8)

Tha othor materials surrcunding the arc are
insulating materials that have thermal conduc-
tivities two orders of magnitude Yower 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 = oA FA‘j(Ta - Te‘j)At , (7)

where A is the effective surface area of the arc
and Ty j is the vaporization temperature for
«ueface j.  This assumes all surfa.es are
radiatively black

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

ionization and Specific_Cnergy Calculations

A detailed analysis of the behavior of a
slastic (Lexan, .or example) as it is heated
aonld be quite complex,  We are able to bypass
aart of tois problem, nowever, hecause the tem-
nerature 119 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 addeir to n plastic of known composition
to produce a gas consisting of elemental atoms,
~e uo this approach to calculate a “"vaporiza-
tion" wanrqy tor the insulating side walls, It
is then necessary to perform an fonization analy-
sis to determine the degree of jonization and
resulting specitic pnergy for each constituent
at higher teaprratures,

We assume that atoms in the arc may be, at
most, douhly tonized, Preliminary calculations
have shown that for temperatures up to 40 000K,
the naaber of triply ionized particles will be
gqalte small, The deogree of i{onization is
compnted for ¢arh enemical species from the
slmultoncous solution of the following set of
egrat fons,

2
“

0 -ty /KT
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WTe AR X 10 Gy T e ' (9)
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nenp+ny+ny , and (10)
ng = ny *+2np , (11)

where n represents a number density (per cubic
meter) and ¢ is an ionization potential. The
subscripts 1 and 2 refer to single and double
jonization 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/P4_1, where i refers

to the level of ionization. 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
to determine ny, ny, ne, and np.

The method of calculating the degree of ion-
izat'on and specific energy for each constituent
is based on the principle of partial volumes, The
total number of particles of each constituent is
computed from

miA
Ni - —HT . (12)

where my and My are the mass and molecular
weight, respectively, and A {is Avagadro's number,
partial volumes are computed from

Vi = V'N{/IN§ (13)
where V' {s the arc volume. Then

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

The specific energy for each constituent is
computed from

eq = [c1(n] + n2) + c2(n2)]jvy/my

tey i toy 4T - Ty i) (15)

where ey y 1s the specific heat and Ty 4 is
the vaporlzation temperature. Values 6} foniza-
tion potential and statistical weights were
obtained from Refs. 14 ana 15. Thermophysica)
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 s determined by a
magnetic force calculation in LARCE. Detailed
cajculations of the axial variation of pressure

pe~formed by Powell and Batteh9 indicate that



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

P s Nk (18)

to calculate the arc voi.wz 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 - rforms the calculations
discussed above was devoloped for incorporation
in the LARGE ~ode. initial data requirec in
ARCMASS includr the mass of the fuse (ini-ial
arc mss) and radiation view factors, jonlzation
data, and thermophysical property data for all
mater:als. Subroutine ARCMASS is called once
far vach timestep. Inputs from the LARGE code to
ARCMASS include values of current arc, voltage
wrop, projectile velocity and acceleration,
magm-tic forcr, aud length of the time step.

IFadiation exchangrs between the arc and otner

mater tals are compnted using equation (7). tqua-
tions (b)) and (R) are used te find the energy
ahwehbed by the rails. Mess additions are calcu-
Intee Froa oquation (4) for copper and from a
Sinilar vguation (wilh Q = 0) for the insula-
tars. Finally, a new arc temperature is calcu-
lated ty o triel and error procedure. A new

\

Lempe st 1S assumed and the ionization equa-
tiore (1)-(l1) are >0lved to Jetermine the degree

of irmizatioa of wach material, The specific

vnerny af cach constituent and total arc energy
at the end at the time step is found from equa-
tion (1%). The arc temperature is adjusted and

mis process is ruepeated untel the energy bal-
amce, cnation (2), s satisfied,

Svonriginally wiritten [ARGE did not acrount

lur variatinos in lhe mess accelerated, A sim-
nlitiod versicoe of fawtan's law

coma ol ) (17)
cagy o ousest, where ' i torce, wois the mass
acrelerated, a s aeeeloration, vois velocity,
and to1s time, S tewever, if tie mass acceler-
ated can ovary, the corrnct foraulation s

(v YAt oe{av/dt) 4+ ov(dn/dt) (i8)
Uy ovewribing eguatyen (1Y) in the form

vt (i v{dwaty/m (19)

wir Can sve how ablation (dw/dt > C) affects pro-
Joelihe velncity,  in particular, 1f the product
ibovirloe Ly and ablalion rate 1s larger than the

aceleraling force, velccity cen decrease. The
ralvalation of the velocity of the projectile

plus arc mass In LARGE has been modified to ccn-
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 available 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 ta accelerate
a 4.5—9 projectile from an initial zero veloc-
ity.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 idea)
because no friction or other loss mechanism was
accounted for. In the second calculation, the
arc-ablation mode)l described in this paper was
employed. Figure 3 shows a plot of calculated
ana measured rail current for this test. The
calriylated cJurrent labeled ideal is well below
the measured current in the 400-600 us time
range, This occurs because in the ideal calcu-
Jation the projectile velocity is larger than
the measured velocity; the projectile is further
down the gun at a given time resulting in more
tota: 1.duetance 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 ¢ probes nl-ced along the axis of the
rails. 1The agreement between the calculated
position using the arc-ablation model and the
measured position is quite good. The final
velocity calculated using the ideal assuinption
is 5.6 km/s compared with 4.2 km/s usiig the
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Fig. 3. Current vs time for October 26,
1982 test.
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arc-ablation wadel.  Figure 5 shows a plot of
the dotal mass acenlerated as calculated nsing

the arc.ablaticen madel,  The 'nitial mass is the
4,2-« projectile plus 0.07-g fuse. During the
imtial 40 us, essentially no macs {is added be-
cause the current is relatively low., The final
masy acceleratea is almost double the inilial
nass,  Figmee 6 shows a plot of arc length as

calealale using the arc-ablation model as a
funciion of time. Two estimates of arc lergth,
made From magnetic probes located alony the
raile, arp atso shown, The calcelated arc
lengths arce wach grrater than the measured
valees,  This crnld result from an underestima-
tior af the average pressure in the arc by the
model, o it conld indicate tn:t the measurements
do nat senst the entlre arc, The measured arc
lonaths are derived trom magnetic field measinre-
ments made wilh probes that sense currunt flow
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Fig. 6. Arc length v; 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 us (see Fig. 6), corresponds
tn the time when total current Is decreasing
(see Fig., 3) The calculated position of the
back of the «rc actually moves back toward the
brecch during this period. Another railgun
test, which was similar to the test described
above, was conducted on September 23, 1982.
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-nm diameter) rail-
gun was used to accelerate an 18.5-g projectile
from an initial zero velecity. 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.: the absolute
mass gain from ablation in this test (about 6 g)
is greater than the gain in the October 26, 1982,
test (about 4.5 g), the gain in tiis test is a
smaller percentage of the initial mass and thus
causes a smaller deviailion from the ideal (no
mass gain) calculation. The final veloc .ty cal-
culated using the ideal assumption is 3.25 km/s
c0mp?rnd with 2.89 km/s using the arc-ablation
mode] .

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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duvartage of providing a physically realistic
muechanise for thie lower observed velocities that
can e tested and used to predict the effect of
Lais  ochaaisi in Fontire systems,
foowertes ol calvulations was done to show the

cOler ef are ablation on the final velocity of

i trles ol varioas adsses,  For the calcul a-
Yy, hioh-amductance power supply (about 20
L) wotn asod ta power a 10-m-long railgun with
SN e ymlae ey gradient,  For these condi-
Chans, the eftect ut projectile velocity on the
rall wrrent s smaliloso that al! the calcula-

Creas have a similar current profile, a peak
et ot about 974 kA at 300 us decaying to

et o kA at aotn) s, The projectile was
atcgtaa) Lo have an anitial velocity of 1 km/s,
Claar o shows o plet of the ratio of the final
7 n:_ﬂ |,':I,u 110
CUOTNNS Lygramg)
fog, 8 Jttect of are ablation on projer-
Lile velocity bor verians sy

|)I‘(l.)‘c‘~'t | |(". .

velccity calculated using the arc-ablation model
{v) to the ideal (no mass gain) velocity (vy).
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. ¢
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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