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NUMERICAL PREDICTIONS OF EML SYSTEM PERFORMANCE

N. M. Schnurr, J. F. Kerrisk. and R. F. Davidson
l.os Alamos National Laboratory

P.0. Box 1663

lLos Alamos, New Mexico 87545

ABSTRACT

The performance of an electromagnetic launcher (EML) depends on a
large number of parameters, including the characteristics of the power
supply, rail geometry, rail and insulator material properties, injection
velocity, and projectile mass. EML system performance is frequently
limited by structural or thermal effects in the launcher (railgun). A
scries of computer codes has been developed at the Los Alamos National
Laboratory to predict EML system performance and to determine the struc-
tural and thermal constraints on barrel design. These codes include
FLD. a two-dimensional electrostatic code used to calculate the high-
trequency inductance gradient and surface current density distribution
for the rails; TOPAZRG, a two-dimensional finite-element code that
simultancously analyzes thermal and electromagnetic diffusion in the
rails; and LARGE, a code that predicts the performance of the entire CML
system.  The NIKE?D code, developed at the Lawrencé Livermore National
Laboratory, is used tc perform structural analyses of the rails.

Ihese codes have been instrumental in the design of the Lethality
[ost System (11S) at Los Alamos, which has an ultimate goal of acceler-
ating a 30 g projectile to a velocity of 15 km/s.  The cagabilities of
the individual codes and the coupling of these codes to perform a
comprehensive analysis is discussed in relation to the LTS design.
Numerresl predictions are compared with capes ‘mental data and presented
for the [15 protlotype tests.



SCHNURR, KERRISK, DAVIDSON

NUMERICAL PREDICTIONS OF EML SYSTEM PERFORMANCE

N. M. Schnurr, J. F. Kerrisk, and R. F. Davidson
lLos Alamos National Laboratcry
P.0. Box 1663
lLos Alamos, New Mexico 87545

INTRODUCT ION

Electromagnetic launchers or railquns are devices that accelerte
projectiles to high velocities by the interaction of an electric current and
a magnetic field 11,2]. A schematic diagram of a railgun is shown in Fig. 1.
The basic elements include two parallel stationary conductors (rails) that
are bridged by a moving armature. When the main switch is thrown, the
capacitor bank discharges, a voltage is applied across the rails. and an
electric current flows down one rail, through the armature, and back through
the other rail. The current in the rails gives rise tg a magnetic field
that interacts with the armature current to cause a Lorenz force on the
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armature. The armature., in turn, exerts a force on the projectile causing a
rapid acceleration.

A study of railguns has been in progress at Los Alamos since 1978.
Although the work has been primarily experimental, a significant effort has
also gone into developing extensive analytical capabilities. A series of
codes has been developed to predict electrical. dynamic, structural, and
thermal efrects in a railgun system.

In the current railgun program, Los Alamos is designing and constructing
the Lethality Test System (LTS), which has the goal of accelerating 20- to
30-g projectiles to velocities of 15 km/s. This paper describes the codes
used to predict EML system performance and presents results specific to the
LTS design. Numerical predictions are compared with exnerimental data and
presented for the LTS low-pressurc prototype.

ANALYTICAL CAPABILITIES

Figure 2 shows the interrelationships betwren the codes used for railgun
analysis. In the inittial step in a system analysis, the FLD codec is used to

Rail Design
peometry parameters ol

[ FL D } -]‘I Al Al

| b
| ARGE . |

i il ;U)]
xdl ’/\/'l ¥ | NIKI |

1
|
?

Therimal Railpan Sltructoral
Bt performance Pt

fig 2 forterce b vtoonstpc among codes aeved tor ranbgun ana by



SCHNURR, KERRISK, DAVIDSON

determine the inductance gradient, L', and the derivative of the inductance
gradient with respect to rail spacing, dL'/ds. for the proposed launcher.
The distribution of current density around the perimeter of the rail,
J{x,y), is also calculated. The inductance gradient and its derivative are
used as input to the LARGE code, alorg with such design parameters as rail
geometry, mass and injection velocity of the projectile, and power supply
specificaticons. Parametric studies may be performed to determine projectile
velocity-for a range of design parameters. Additional results computed by
LARGE include the rail current as a function of time. I(t), and the
pressure, P, and magnetic force, F,, acting on the rails. These parameters
are used as input to the thermal analysis code, TOPAZRG, and the structural
analysis code, NIKE2D. These codes are used to ensure that the thermal and
structural limits of the system are not excecded. Each code is described in
more detail in the remainder of this section.

FLD  Inductance Gradient Calculations

The FLD code [3] is used to calculate the current density distribution,
magnetic field, and inductance of long, parallel conductors of arbitrary
cross sections in the high-frequency limit. These results may be used for
rai lguns as initial values, which ar: applicable until the current or
magnetic field diffusion has significar:tly changed the current
distribution. The method used here follows from the equivalence of the
current distribution problem to the problem of charge distribution on
equipotential (electrostatic) surfaces [4]. The axial tomponent of the
mignetre veclor notential is equivalent to the electrostatic potential. The
first step an the calculation is to find the cuirent distribution that
produces a constant value of the vector potential on each conductor
sueface. An existing computer program was used for these calculations [5].
Thee valuesn of the magnetic vector potential on each conductor surface are
determined by the total flow of current in the circu.t and the geomelric
symnetey of the conductors. Once the current distribution is known, the
magaetie freld associated with the conductors can be calculated. In
particalar . the total flux that links the circuit can he determined from tha
tretd hetween the rails, The self inductance of the circuit is easily
calculated from the total flux linkage.

A series of caleculations was perlocned to determine inductance gradients
and current distributions for the LTS rails.  The yeometry of the LTS rail
and support structure Ganvil) is shown in Fag. 3 The hore radius is
R 125w, The effects of rail thickness, Wooand anvil location, Xq, on
the inductance qradient and the derivative ot indoctance gradient with
repect toovannl spacing are shown in Ligs 4 amd Ho These results indicate
that hoth ' and b /d- increase with oncreasing Xyoand decreasing rail
thyokne:, the Torens forge accelecating the ammatare is proportional to
0 ond thus 18 should be as large as posaable Because the loree tending
o spresrd the coa b apart s propor tronal ta de ' Zds and mast be kept small
ciiongh by peevent stooctucal damage, o tradeott s required in the selectoon
o vand aed anvar b geometiy the geometvie parameters selected, baned
FPocgedy on bew bl cominderatoons, were W I 5% mm and Xy 106« mm
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fig. 3. Gcometry of the LTS launcher.

The instantaneous relative current density distribution on the surface
of the LTS tarl is shown in Fig. 6. The zero value of arc length is at the
center point of the hore (curved surface). and arc length is measured along
the perimeter an the clockwise direction. Because of symmetry about the
x axais, resullts e shown tor only the top half of the rail. The peaks
reprusent the current densities ai the corners of the rail. The current
density viould be unbounded for sharp corners. It is therefore necessary to
specity a radius of curvature at the corners. The values selected here were
0.13 mn and 0.54 mm tor the {ront and back corners respectively. The peaks
in Fig. 6 can be reducerd by using targer radii or curvature,

LARGH ML Perfommance Predictions

The Los Alamos Ral Gin Bstimator (LARGE) is a perlommance model that
wits written to ealeulate rail current and projectile velocity and position
from a descoption ot the power supply and railgun 6] It ocan model 2
capacitor bank . farge onductances in the power supply: explosively driven
magnetoe Hos compees on generators (MEGGs): vitrious rar lgun contrgueations
such as square hoee o eonnd bore, staged systems: or destorbuted systems,
AL ool anduc bances and resistances are calculated Toom g physocal
descerption af the gl The rail inductance geadient Chigh frequency
Pima ty caloatated by HED, s uned to determine the force on the
procectale Fatmate s of how corrent datbasion changes raol inductanee and
teii s taner woth e e gl aneluded | 7]
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Une of the most important losses in plasma-armature railguns is caused
by ablation of the rail and insutator material [8,9]. The radiant heat flux
from the arc is so larqe that surface material can be vaparized and ionized
within a few microseconds. The resulting material may be entrained in the
arc.  This causes an increase in the total mass that must be accelerated and
a lower mussle velocity., The increased size of the arc also causes an
increase inarc drag [10]. An algorithm is included in LARGE which estimates
the rate ot ablation and computes the resulting arc mass and arc drag.

The TARGE code uses an explrert muchong procedure so that parameters
caleulated at the end of a time step are based on conditions at the
begiming of the time step. Foest, the cal current s computed by
semaltancously solving the corcunt equattons for all stages.  this oy done
mmecrcally wsing talec's method. The current s then used to compute Joule
heatimg an the are, and an energy balance as used to caleulate ablatoon
tates and clanges o the mass and an the e Tength  Ponally, the
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conservation ot energy principle applied to the arc and projectile s used
to compute the acceleration, velocity, and displacement ot the projectile.

The LARGE code was used to predict
Resub ts are shown in Figs. £ and 8 lor
the power supply
ewceed X)) ksioat
rrtial velocity
the three stages were located at 00

The sobid Line in by,
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20 ————— - —— —_—
velocity of 12.5 km/s. Veloci-
ties well above 15 km/s are

18 1 predicted for the high-pressure
core where higher rail currents

16 - _ cause higher accelerations of

, ' the projectile.
1 - y Some preliminary experi-

ments have been completed using
) — a prototype of the low-pressure
12 - LTS. The rails for the proto-
type are 3.66-m long, and a
1.88-MJ capacitor bank was used
instead of the 50 MJ power
supply that will be available
g - for the full LTS. LARGE simula-
tions were performed to check
the accuracy of the code. A
6 comparison of the numerical and
experimental results is shown
in Fig. 9. Current protfiles
1- my = 20 ¢ were measured for each experi-
U - 7 kin/s ment! theQ;the current_vs time
Do 90 ke profiles wére used as input to
max. T ° ) LARGE and the rail current
calculations were bypassed.
0 = , : 4 . The differences between the
0 05 1 15 2 25 numerical and experimental
results are therefore prima-ily
an indication of the accuracy
of the ablation and arc drag
Fig. 8. Projectile velocities predicted algorithms. Note that in some
by | ARGE cases two different current pro-
files were used. The breech
current was measured just down-
stream of the electrical lead tor this single-stage experiment. In some
cases current measurements at a series of locations along the rail indicated
that the plasma arc split into two segments atter traveiing some distance
down the bore. Ine resulting data were used to infer a minimum cffective
current profile.  That profile neglected any effect that the current in the
trailing arc might have in producing a force that could be transmitted to
the projectile. Sinabatrons were also performed in which the effects of

Velocity (km/s)

Low--pressure core

Time (ins)

ablation and e deag were omitted.  These simulations are the ideal cases
(solid points) whoun oo bigo 90 Agreement between the numerical and
expecimental cenalty vy quite good o The numerical results for the pdeal
calculations soqonoticantly overpredoct muzzle velocities.  These results as

wellas other simalatoons discussed on Refs o 9 and 10 indrcate that ablation
and are drag are opartant loss mechanisms and that the TARGE code s able
to pradict the perctormance ol g wrde vaciety of canlgun systems,
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TOPAZRG - Thermal Analysas

Thermal analysis of the rails was performed using the TOPAZRG [ 11] code,
a two-dimensional . tiansient. finite-element code that solves the combined
thermal/electrical tield diffusion problem for the rails. The current pro
file (Fig. 7) and surtace current density distribution (Fig. 6) were used as
input along with specilication of magni tude and duration of arc radiation
impinging on the bore surface of the rails.

Thermal analvses wern parformed using TOPAZRG for segments of rcail at
the breech and 4t o small distance downstream from the third stage electrical
connections . Resolt o for the TOPA/RG calculations at the hreech are shown
in Fig. 16, The e radiation was assigned a magoi tude of 1 0) MW/ cm? Can
elfective average aoe temperatuce of approximately 20 000 K) and a duration

of 10 ps.  This corcesponds to o 7oem dong are moving at a velocity of 7000
m/s5. Note that the temperature at the inside corner ot the ol increases
very ragrdly to a temperatuce near the melting point.  lemperatures along

the bore surbace have comebare but shightly lower peaks because the Jdoule
heating is e severe ot pornts farther cemoved feom the corned Thee
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Fig. 10. Temperature profiles at the breech calculated by TOPAZRG.

temperature drops rapidly after the 10 ps radiant energy pulse because of
thermal diflusron, then begins to rise anain as the Joule heating increases
The frrst stage current has a rise time of H0) us, after which the rate of
temperature increase drops somewhatl as the rail current begins to decrease
Thermal dilfusion binally causes the temperature at the inside corner to
decrease after about 150 pus (not shown) . Note that the temperature at the
back corner is virtually unaffected by the radiant flux because the canl
thicknes,s is barge compared with the the thermal diftusion depth for the
time scale of thiy simalation,
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A simulation was also performed for a rail scgment where the third-stage
leads are connected because the maximum current occurs at that location.
For that case, time was measured from the instant the projectile reached
that location. The current was assumed to rise linearly from zero to the
maximum value of Fig. 7 in the time it took the arc to pass. For this
simulation, a value of 10 pus was used. This corresponds to a 12-cm-long arc
moving at a velocity (calculated by LARGE) of 12 km/s. The larger and more
rapid contribution of Joule heating for this case caused the predicted
temperature at the inside corner to exceed the melting temperature of
copper. Note thit the temperature at the outside corner also exceeds the
melting temperature.

The calculations described above assumed a single-phase material. They
overpredict temperatures above the melting temperature because the absorp-
tion of energy that occurs with phase change is neglected. The TOPAZ2D code
includes a phase-change algcrithm so that the eftects of melting can be
assessed. Results of the calculations for the rail segment downstream of
the third stage, including the phase-change algorithm, indicated temperatures
with peaks approximately 150 K lower than those shown in Fig. 11. The corner
temperatures also dropped below the melting tempecrature somewhat more rapid-
ly. The inciusion of the phase-change algorithm has an extremely negative
impact on computational speed. The number of iterations required at each
time step increases dramatically tecause of the strong nonlinearitiec intro-
duced by phase change. The time step required to maintain stability is
timited to approximately 0.2 ps. The computation for 20 ps using 400
¢lements required more than 15 min. of central processing unit (CPU) time on
the Cray. The calculation that does not include melting is more than ten
times faster.,

I't should he noted that corner temperatures somewhat aktove the melting
point are not likely to cause severe problems. Temperatures at nodes
adjacent to the corner nodes remained well bhelow the melting temperature in
most cases. so the high temperature region is extremely localized. The
corner temperatures began to decrcasce because of thermal diffusion shortly
after the arc had passed and the rail current had begun to decrease. They
typrcally diop below the melting temperature within 1 to 2 ms. A small
amount of melting at the outside corner ot the rail is not expected to cause
serious problems because the rail s surrounded by insulator material and
has little room te deform. Only & small deformation 15 expected at the
mside corner because the forces acting on the material there are primarily
radial ly outward. They include the arc pressure (estimated to be in the
range of 30 to 50 ksi) and the magnetre torees that tend to spread the rails
it

NIKE?D  Strouctocal Analysis

Thee steactoral analysis was per toomed asong the NIKE2D [12] code. This
thoan mphoert fincte element code for woalyvzing statie and dynamic responsa
of two dimensonal solbods,  OF the many matecral models avad lable in NIKIE D,
the clastie, elastie plastic, orthaotropre  and thermo ortholropre were used
for thos analdysaen . The contact algocothm Caladelone) oo NIKE?D s osetal
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Fig. 11, dTemperature profiles at the third stage caleulated by TOPAZRG.

tor railgun problem..  The ability to caleulate thermal stoesses was used in
an artiticial manner for the peeload analysis.  The nmeshes tor these
caleulations weoe generated anng INGEN [ 13] and FSCHER | 14 The resalte,
were evamined graphocal by weth STRAPE [ 15 ] and TODAP [ 16]

For this analvae s the plane stoan geometoy assomploon was made
Theretore, viarcations oo the Toadiog and stractural response adong the
length of the Launcher wore notl conmdered . The model s showa an b 150,
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Fig. 12. LTS low-pressure core - FEM model .

Stidelines were used extensively to define the interactions between the
vitrious launcher components.  The bolt preload was applied by artifically
cooling the bolts until the correct ‘measured) preload was obtained. Tio
dynamic loads on a launcher under tiring conditions (the plasma pressure and
rai | force) were applied to the preload model. Thus, stresses and motions
were determined resulting rrom the cosbined application of preload and
froing loads,  These analyses are described in more detail in Ref. 17.

the firing load were determined at a critical longitudinal cross
section by contidering the are crirent passing the point. The arc current
and are length were eitber determined by LARGE or taken from experimental
data (Fig. 7). The inductance gradients necessary to determine plasma
prassure and ail foree were deteosined by FLD calculations (Figs. 4 and
D). Figura 13 shows the loading tunctions that occurred at the longitudinal
cross section that contamned the necond current probe in Test 6 of the LIS
low pressure core prototype.  than location corrosponds to the longi tudinal
lociation ot the arc when peak current was reached.,

The rise time of the plasmn pressaee is assumed to be the time required
for the projectyle to pass the second cucrent probe location.  The plasma
pressure decayed to oo when the tarrl ot the e passed,  The ol force
mcreased to o peak when the end of the e passed,. Nolte that the poak

proassare and peak ool focee s ded not gocoe ot the same time, The presane
Fosted wats appleed to the coner wurbace o the bore, both to the tacl ad to
the aonsulator Csrde wall) The can ) toree was distoibuted svound the

surbace of the ol oo g omannes o Lae Lo the actual magnetie foree
dintrabutoon
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The structural analyses cenults viielded a weabth of information which we
don't have space to deceuss here The results atlowed prediction of the
bolt prefoad, the stresses onoantemal coaponents, and the inter face gaps,
Based on this antommation, the pertormane: of the Lwuncheo was charactern zed
Aand several desogn o modc breations were made . Asoan example of the analytieal
tesults, Fig o 1 hows the ol dosplacement as a hinetion ol tyne
tndvcating a caloalbated peak detlection ol 1/ mils,

An oan andbecator ol the goencacy of the stoactural analyses, Fag o 1
alna shows the test Jdata foc the ol motion, The peak desplacement vae
pradicted with tegaongble aceuragy 12 m s predieted and 1V me s meaaed)
the tnteal ool pinchaing toeqgateve belleetion at 30 ) shown o an the data
does oot show oupoon the anadbysors becagee vael pronchieng e caneeed 1y 0
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longitudinal load variation that 1 nol considarad in this two dimmsional
damalysin The difference in tone time and general response ahape are
probably due, at least partly, to uncerbantios in the are length used for
the calculation.  [he accuracy ol the calculated displacoment history is
cn Ginnly sutticient for design purposes.,

SIRARY

A cconres of compater godes s heen developed to perfom a complete
ity ol TN wystems. Analvtical capab brtves inelude deta lod stietural
ated Therma b analy o of the Lamcher e wel o per tormanece smmilations of
the entore system  Thewe codes have been s biamental an the desaogn of  the
LIS al Loy Alame: Comparinons of anlytical predictionns with expesimental
tesulty ohbamed for the TS low poessane prototype hive shown genacal ly
ouad greement



SCHNURR, KERRISK, DAVIDSON

ACKNOWLEDGMENTS

The authors wish to thank J. V. Parker and W. A. Cook tor their

technica! support and M. M. Plehn and L. L. Shelley for their word
processing and editorial assistance.

’

REFERENCES -

1. R. A. Marshall. "The Australian National University Rail Gun Project,"
Atomic Energy 1n Austraiia, 18, 16-18 (1975).

2. S. C. Rashleigh and R. A. Marshall, "Electromagnetic Acceleration of
Macioparticles to High Velocities." J. Appl. rhys. 49, 2540-2542.

3. J. F. Kerrisk, "Current Distribution and Inductance Calculations for
Rail-Gun Conductors," Los Alamos National Laboratory report LA-9092-MS
(Octoher 1981).

4. H. R. Lewis. Jir.. "Computation of Electrostatic and Rapidly Pulsed
Magnetic Ficlds,”" 7. Appl. Phys. 37, 2541-2550 (19G3).

5. K. . Crandall, "Computation of Charge Distribution on or Near
Equipotential Surfaces,"” Los Alamos Scientific Laboratory report LA-3512
(December . i966) .

6. J. 1. Kerernk, "Hlectrical and Thermal Modeling of Railguns.," |EEE
Iransactions. on Magnetics, Vol. MAG-20, 339-402 (March 1984).

7. 0. Kervinh, "Current Diffusion in Raiigun Conductors.,” los Alamos
Nationa! Taboratory report LA-9401 -MS (June 1982).

S, 0.0 V. Parker, "Pectormance Loss due to Wall Ablation in Plasma Armature
Railguns " presented at ATAA 18th Fluid Dynamics and Plasmadynamics and
Laser Conference, Cincinnatti, Ohio, (July 16-18, 1985) .,

9. N, M. Schoure and 0 1L Kereisk, "Numerical Studies of Ablation and
tonmization of Raclgon Materials, " prezsented at the AIAA 18th Fluid
Dynamics and Preamadynamics and Laser Gonference, Cincinnatti, Ohio
Cluly 16 18, 118m)

10, N M, Schagee . b 1 Kerrisk, and J. V. Padker, "Numenical Predictions
of Rnlgun e tormanee Including the fifects of Ablation and Are Drag,"
i Proceodipg, ot the 3ed Symposium on Flectromagnet te caunch
Pechoalog, ool 00 240 198G, Austing, Texas, pp. 2701 2.

TEOM W o thermad Analysin of Flectoomagoetie Lauacher Raels "

Fos ddamas, (oot Faboratory teporl i progues.e,



SCHNURR. KERRISK. DAVIDSON

12.

13.

14.

16.

17.

J. 0. Hallqu st °NIKE2D - A Vectorized. Inplicit. F.nite Daformation
Finite Element Code for Analyzing the Static and Dynamic Response of 2-D
Solids witn Interactive Rezoning and Graphics, "lLawrence Livermore
National Laboratory report UCID-19677. Rev. 1, December. 1986.

W. A. Cook. INGEN: A General Purpose Mesh Generator for Finite Element
Codes.” Los Alamas National Laboratory report LA-9402-MS (June 1982).

W. P, Oakes. ur.. "ESCHER User's Manual," Los Alamos National Laboratory
report (in progress) !

. F M. Guerra. "STRAPP User's Manual.” Los Alamo- Nat.onai Labaratory

report (1n progress).

W. D. Birchler and 3. M. Wheat. "TDAP User s Manual.” Los Alamos National
Laboratory internal report. 1985.

R. F. Davidso~ ct al ., "Predicting Bore Deforrations and | auncher
Stresses 1n Railquns.” in Proceedings o+ the 3rd Sympos.um =n Electro-
magnet:c Launch TusPnology. April 21-24, 198€, Austin. Texas. pp. 31-36.



