M lliajul pUuUlpustc Ul LUHiIc 1oculin™
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to bsiness, industry, the
academic co.. aunity, and federal,
state and local governments.

Although a small portion of this
report IS not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.

1




LA-UR -53-2579
ODOF - 823 (Of oF — ==

Los Alamos Nauonal Laboraiory is operated by the University of California for the United Siatce Deperiment of Energy unddr contract W-7405-ENG.36

LA-UR--83~2579
DE84 001361

TITLE: ELECTRICAL AND THERMAL MODELING OF RAILGUNS

AUTHOR(S) J. F. 1sk e NOTICE

PORTIONS OF THIS REPORT ARF ILLEGIBLE.

B has been reproduced from the bast
avalioblo copy to permit the broadest
possible availlabllity.

RIS ..L.-.l-ohl.“

SUBMITTED TO Second Symposium on Electromagnetic Launch Technology, |
October 10-14, 1983, Boston, Massachusetts

DISCLAIMER

This report was prepared as an account of work *ponsored by an agency of the Unitod States
Government. Neither the nited States Government nor any agency thereof, nor any of their
employees, makes sny warranty. cxpress or implied, or ussumes any iegal liability or responsi-
bility for the uccuracy, completeness, or uselfulness of nny informati =, apparatus, product, or
provess dinclosed, or represents that 1ty use would not infringe privaw.y owned rights. Refer-
ence herein to any specific commerci.l product, process, o service by trade name, tiademark,
manufacturer. or otherwisc does not necessarily constitute or ymply its endorsement, recom-
mendution, or favoring by the {'nited States Government ur any agency thereof. The views
and opinions of suthors expressed herein do not neceasarily atete of reflect those of the
United States Government w uny agency thereof

y sccoptance of this ertcie the pubhshe! recogniles that the U § Government 1eis:ns 8 Noneaciusive royalty-free licanss 10 publah pr reproduce
v pubhsned form of this conttibulion Ot 1o @low others 1o d) so for US Qovernmeni purposes
he Los Alemos Natone! Labotetory requesit thatl the publishaer iIdentty this 8MICie 88 work Performed ur det the auspices of the U S Depsrimer: o' f ne g

MASTER
LOS AISINAOS Leshamos National Labarstory

" O 420 8 ISTRAUTON OF 115 DULURINI 15 UNMIED gy



About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


ELECTRICAL AND THERMAL MODELING OF RAILGUNS

Jerry F. Kerrisk
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Summar

Electrical and thermal modeling of railguns at
Los Alamos has been done for two purposes: ?1) to
obtain detailed information about the behavior of
specific railgun components such as the rails, and
(2) to predict overall performance of railgun tests.
Detailed electrical and thermal modeling has concen-
trated on calculations of the inductance and surface
current distribution of long parallel conductors in
the high-frequency 1imit and on calculations of
current and thermal diffusion in rails. Inductance
calculations for various rail cross sections and for
magnetic flux compression generators (MFCG) have been
fomi,  Inductance and current distribution results
sers compared with experimental measurements. Two-
dimensional calculations of current and thermal
diffusion in rail cross sections have been done;
predictions of rail heating and melting as a function
of rail size and totil current have been made. An
overall performance model of a rajlgun and power
supply has been developed and used to design tests at
Los Alamos. The lumped-parameter cir.uit model uses
results from the detailed inductance and current
diffusion calculations along with other circuit
component models to predict rail current and
projectile acceleration, velocity, and position as a
function ot time,

Inductance and Current Distribution

A methoc has been developed to calculate
current-density distritution, magnetic field, and
‘nductance of railgun conductors, or other long,
parallel conductors of ar?itrary cross section, in
the high-frequency limit, In this 1imit, al)
current flow occurs on the conductor surfaces, The
current-distribution problem i{s equivalent to the
calculation of charge distribution on equipotential
(e'nctrostatic) surfaces. For conductors that are
Yonq in the z-direction, the :-component of the
magnetic vector potential is equivalent to the
elnctrostatic potential. Only the z-component of the
current density and the x- and y-components of the
magnet ic field are nonzero. The proper current-
donsity distributien §s that which produces a constant
value of cho magnetic veclor potential on each
conductor surface. The current distribution {s
approximated by a sequence of cubic splines that
minimizes the error in the vector potential on the
condyctor surfaces tn the least.squares sense, Values
of the vector potential on conductor surficus
roprecent houndary conditfons Yor this calculation.
They are determined from total current flow in the
ciroutt and geometric symmetry of the conductors.
Gnee the current distrihution {s known, the magnetic
tir 1l outside the conductors can be calculated from
the detinition of the magnetic vector potential, In
particutac, the total flux that links the circuit can
be determined from the field between the conductors.
The «e)f inductancs of the ralls is eesily calculated
fran the f1ix linkage. One theoretical limitation of
this method fs that conductor surfaces cannot have
square corners; the corner region must be replaced by
A circalar are of the appropriate radius. This has
not proved to be a practical VTimitation,

Calculated current distributions and inductances
have been compared with other theoretical calculations
and with measured data.! For two long, parallel
conductors of circular cross section, the calculated
current distribution and inductance were in excellent
agreement with theoretical values. Measurements of
the inductance of two rectangular conductors and of
two rectangular conductors in a tube have hren
reported as a function of frequency. Calc ated
values of the inductance for these circuits are
generally in good agreement with the highest frequency
measuremenis. Calculations of the current distribu-
tion on thin rectanqular conductors also compared
well with measurements made in an electralytic tank.

Figure 1 shows a plot of a conductor cross ser.
tion in the first quadrant (solid line) and maynetic .
field lines (dotted lines) for twn rectangular
conductors that are 4 mm high by 2 mm wide with a
6 mm separation, Because the geometry is symmetric
about the x and y axes, only the first quadrant is
shown. Figure 2 shows a plot of the surface curr:nt
density as a function of arc length along the
conductor surface; the zero of arc length is at the
point (5,0), on the outside surface of the conductor.
The peaks represent current density in the vicinity
of the corners. The current density on the inner
surface is greater than on the top or outer surface.
The magnitude ot the difference is a function of
conductor shap« and separation. Inductance calcula-
tions for two rectangular conductors have been fitted
to an empirical squation in the hetght (H), width
(W), and separation (S). Figure 3 sho s a plot of
talculated inductance plotted as a function of S/H
for various values of W/H., Similar calculations and

correlations have heen made "or other conductor
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Fig, 1. Conductor cross section (vodid 1ine )
and magnetic flold (dotted Vlines) fo

two rectanqular condu-tors,
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Fig., 3. Inductance of two rectangular conductors

as a function of S/H.

cross scectional shapes, for conductors inside ¢
metaltie tube, ard for MFCG condictors.

Current _and Thermal Diff ,.on

At any axtfal location along the ralls, current
witl start to tlow {n the rail cross section as the
projectile peises, For ratls with their cross section
tn the x-y plane, only the z-component of {(he current
donnity and the x- and y-components of the magnetic
tield arve nonzero,  Initially, current is distribited
gver a thin layer near the surface of each conductor,
The carrent density ts not uniform on the surface; {t
t5 A tunctton of the shape and separattion of the
conduc tors as shown In the previous section, ¥With
time, the current and associated magnetic field
diftune dinto the conductors, Because large current
dens it ies are Anvolved, Yocal heating occurs in the
ratise  This changes rall properties such as
olectrical conductivity,  Thus, the current-diffusion
procesys i noalinear.  In addition, theermie) diffusion

is occurring simultaneously with current diffusion.
The thermal-diffusion process is also nonlinear. The
time scale over which current diffusion occurs is so
short that thermal diffusion is no-mally neglectad.

Most analyses of these phenomena have dealt with
one -dimensional magnetic-field diffusion in flux-
compression generators. For railgun conductors, a
two-dimensional calculation is required, and current,
not magretic-field strength, is the primary variable,
In the linear case, magnetic-field strenqgth and
current density obey the sime partial differential
equation, the linear thermal diffusion equation.

This is not true in the nonlinear case. In a two-
dimensional, nonlinear calculation, coupled partial-
differential equations for the components of a vector
quantity such as the magnetic-field strength may be
requivcd. Thus, the geometry of a problem and the
quantities known as initial and boundary conditions
play a very important part in the complexity of the
soltution.

Startina from Maxwell's equations, a ciffusion-
1ike equation for the magnetic-field strength (H) can
be obtained,

-72H + ua(akfat) = (1/o)[goX(yXH)]
where o §s the electrical conductivity, u is the
magnetic permeability, and t is time. For a railgun
conductor, two coupled partial differential equations
in the x- and y-components of H result, A similar
equation in terms of the electric field strength ()
can be obtained,

-v2E + yo(aE/at) = -uf{ao/at)

For railgun cunductors, a single partial differentigl
equation in the z-component of £ or the current
density (j = of) can be written. This equation can
e solved as a nonlinear thermal-diffusion problem if
-uE(3a/at) is treated as a source term,

A formulation of this problem in term; of current
density has been applied by adapting a finite-
difference, heat-transfer computer program to the
simultaneo!s calculation of current and thermal
diffusion,c A series of test calculations of
current densit,; and ratl temperature has been made
for various roctanqular rails, The geometry of the
conductors {s symmetric about the x and y axis. Thus,
it 1s cnly necessar to model half of one corductor,
the portion in the first quadrant. Figure 4 shows a
schematic of one of the 10 x 10 rectanqular meshes
with variable spacing used for these calculations; a
few nole tiumbers are shown, The total cuiront s
assumed known as a function of time, Changes in tota)
current are made by changing current dengity in the
edge nodes only; that s, it is assumed that current
density or electric field strength enters o= leaves
the conductor through {ts ecterfor su¢ faces. Surtacn
current distributiony described in the previous see
tion are used to distribute current to the surface
nodes of tne condurtor. Filgures & and 6 show the
variation of current density {n nodes 201 (an edge
node near the corner) and 1005 (an internal node) as
a function of time for a 10-mm-high by 10 m-wide
rai} with 0.60 MA constant current, Note the larqe
differencns §n maximum current uensity and vartat fon
with time, Node temperatures are a funcifon ov Joule
heating in each node and aeat gains and losses oo
surrounding nodes and the environment, [In this
calculation, temperatures of surface rodes near the
two corners were above the melting peint, lwo
elnctrical parametors, the resistances and inductance
por unit length of ralls, can also e determined
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during these calculations; these results were used to
formulate models for the performance calculations
described in the next section.

Performance Model

A lumped-parameter circuit model for predicting
the performance of railgun tests from a description
of the power supply and railqun has been developed
and used to design tests and analyze test results.
The model combines a calculation of the elecirical
behavior of the railqun circuit with a calculation of
projectile acceleration, velocity, and position. The
present version includes a primary power su3p1y
(capacitor bank), a strip generator (MFCG),J and a
railgun Ycad (see Fig. 7). It can accommodate more
than one MFCG in the circult, fired simultaneously or
sequentially. The analysis is complicated by the
significant variation of the inductance of the
generator (Lg) and the railgun (L{) during a test;

Lg decreases with time as the generatnr burns and
L, iIncreases as the projectile moves, bringing more
rails into the circuit. The differential equation
for the circuit,

9%%11* RI+ £ jJ ldt = v

c o

is solved numerically using “uler's method. In this
equation, t is time, I is current, L is total inducr-
tance, R Is total resistance, C. is bank capaci-
tance, and V is the voltage (capacitor voltage plus
other miscellanenus voltages). At each time step,
projectile arceleration is calculated as
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where LQF is the migh-frequency-1imit inductance

per unit length ot the rails, m is nrojectile mans, v
is projectile position, and Fe 1g the retarding
(friction) force on *he prajectide,

For a test ) Yhe nacator bame 0 harged 0
some Indbial voltage with Spoand o aben (sen
gy 7). 8 is cloned taodischarge the capacitor
bank. At a predetermined time, the MGG cxplosive 1y
detonated; this also cleses S2, From Lhis time on
the capacitor bank 1s not in the circuit, Gurrent
flow is primarily controlled by the qenerator and
rail inductance. in the model, both L aad |
are calculated as an inductance per unit length 1)
of long, parallel conductors multiplisd by theiy
length, plus small, canstant-inductance contrthut ione,
At the start of current flow in the generator or in
the rails, koth L and L| are assuned to e
inductances in the high-froquency Yimit,  The gty
lated {nductances have heen correlated {n terms of
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Fig. 7. Llumped parameter cirvouft model,



conductor size and scparation; the correlations are
used in this model to reduce computation times.

Because the generator conductors are relatively thin,
L\ is assumed to be constant during the calcula-

t1on At a given time, the rail inductance gradient
(L{) varies along the length of the rails because
sections near the breech are in the circuit from the
start and current has diffused into the rails, while
sections near the muzzle are only in the circuit at
later times. A value for L{ is approximated as

an average of the inductance gradient of a sequence

of axial rail increments. At each increment, the
variation of inductance with current diffusion is
estimated from the high-frequency inductance, the
steady-state inductance, and a time constant that is
a function of rail size. The generator length is
modeled as the initial length minus the product of

the detonation velocity and burn time. The rail .
length is taken to be the projectile position plus i
any section of rails initially in the circuit. '

CURRTNT (MA)

The generator and rail resistances are also
calculated as a resistance per unit length of
conductor (R') multiplied by the conductor length,
plus small, constant-resistance contributions. Values
of RG and R are assumed to vary between high-
trequency 1&m1ts at the start of current flow and
steady-state Yimits with time constants that depend
on conductor size. The high-frequency 11imits are
calculated using penetration depths at 0.5 us.

An arc is used to carry current between the rails
behind the prnjectile. The arc is moceled as a
variahle voltage (Vupc in Fig. 7) that is a func-
tion of total current flow. Data for the arc model
were obtained from muzzle voltage measurements on the
rails. Muzzie voltages in the 200-700 volt range
have been measured with peat s above 1 kV when the
projecti1le leaves the rails.

PROJECTILE POSIiTION im:

The model described here has been used to define
test conditions for e number of railgun tests. One
advantage of the model is that there are no adjustable
electrical parameters that must be fit to experimental
data. However, it has been necessary to account for
friction between the projectile and the railgun
barrel. No suitable physical model has been found
for friction in this velocity and pressure rugime.
Most design calculations have been done using an
empirical friction model that disregards a constant
portion uf the accelerating force, normally 20-40%.
Figure 8 shows a plot of measured and calculated
current at ih2 rallgun breech for ona test. A 30%
friction correction was employed here. The mujor
differences bhetween the calculated and measured curves
are in the 440-550 ys time range, at the end cof the
3-m-long generstor burn time. Figure 9 shows a plot
of measured und calculated projectile position for 2.
this test. The measured positions are from probes
located ~long the ratls and at the muzzle of the
1.13-m ratlgun. The overall agreement between the
calcelated and measured data is relatively good. 3.
Agreement could be improved for the position data
(Fig. 9) by using a more complex friction model; how-
ever, {t would be an ad-hnc model and not appropriate
to other tests,
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Fig. 8. Rail current as a function of time,
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