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MAGRAC~A MILGDR S n O U n O R P B O G R W 

P. J. Dead£ic:<+, *. S. Hawke* and J. D. seudder* 

Abstract - lie have developed and validated a 
computer simulation code at the Laurence Liveraore 
national Laboratory (LUIL) to predict the performance 
of a railgun electromagnetic accelerator. The code, 
called MAGMC (HACnetic Railgun Accelerator). models 
the performance of a xailgun driven by a Magnetic flux 
compression current generator (HfOG). The M G B K code 
employs a time-step solution of the nonlinear 
time-varying element railgun circuit to determine rail 
currents. From the rail currents, the projectile 
acceleration, velocity, and position are found, Re 
have validated the W C W C code through a series of 
eight railgun tests conducted jointly with the Los 
alamos national Laboratory. This paper describes the 
formulation of the HAGBJC railgun model and compares 
the predicted current waveforms with those obtained 
from full-scale experiments. 

INTHJOOCTION 

MAGBK MAGnetic Kailgun accelerator] is a 
computer code designed to model an electromagnetic 
railgun projectile launcher and power source. The 
MAGRAC code uses both electrical and mechanical 
parameters of the railgun, projectile, and primary 
energy source to compute the resulting currents and 
accelerating forces on the projectile as a function of 
time. The code employs an implicit finite-difference 
solution technique which allows the inclusion of 
time-varying nonlinear elements in the railgun model. 

In this paper we describe the mcdel elements used 
in the HASRAC code and compare some computed results 
with railgun test data. Three series of tests have 
been conducted in collaboration vith the Los Alamos 
national Laboratory to test the performance of railgcr; 
accelerators. These tests included both 0.9-m and 
1.8-a long railguns vith square bores of 12.7 mm that 
were used to launch 3.1-g polycarbonate projectiles. 
Also a short, 0.3-m long, 50-«m square bore gun was 
used to launch a 165-gram projectile. In each of 
u--s? tests, 3 magnetic flux compression generator[l] 
(MFCG) was used as the primary energy source to power 
the railgun. The M K M C model includes both the 
railgun and a vviiety of power sources including the 
MFCG. 

He first provide brief details of the railgun and 
the MFCG. He then describe the computer solution 
technique and conclude vith representative coaparisccs 
between computer prediction and experiment. 

HAG8AC Models 

Figure 1 shows a simplified, schematic 
illustration of a railgun. A railgun is essentially a 
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linear dc motor consisting of a pair of rigid parallel 
bars trails) that carry current to and from a small 
interconnecting movable conductor. The conducting 
link functions as an armature, while the parallel 
rails serve as a single-turn field binding. The 
Lorent2 fcrce resulting from the armature current 
interacting vith the magnetic field generated by the 
rail current accelerates the armature ind the 
projectile. 

While railguns may b< driven by a number of 
primary energy sources sucn as capacitor banks and 
homopolar generators, we discuss only the MFCG in this 
paper. 

The HFCG-railgun system used by the joint Los 
Alaoos/LLDL teaa is shown in Fig. 2. The capacitor 
bank provides the initial energy to the circuit, and 
the MFCG extends the duration of the current pulse 
delivered to the railgun. When the switch is closed, 
the capacitor bank generates a current in the HECG 
which acts as a temporary storage inductor. As the 
current approaches near maximum, the explosive is 
initiated by a single detonator. The explosive drives 
the top conductor of the NFCG into the bottom 
conductor, isolates the capacitor bank source at point 
A, forms a closed MPCG-railgun circuit, and continues 
to progressively implode the MFCC. The resulting 
decrease in inductance tends to sustain the current, 
while energy is consumed by the railgun and losses. 

Projectile 

Movable armature 
Rigid 

conducting 
rails 

Fig. 1. Schematic of railgun showing the current 
path I, the magnetic flux lines B, and the resultant 
force F that drives the projectile. Initially there 
ix a thin metallic fume in back of the projectile 
that completes the circait; this vaporizes almost 
immediately forming a plaau that continues to carry 
current mad accelerate the projectile in the 
direction Z. 
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and Liis the inductance gradient (inductance per 
unit length of the rail pair), and v is the armature 
velocity. 

A third tent, the plasma arc voltage drop V^ ,̂, 
is also included in the model, as shown in Pig. 3. 

When the fuse vaporizes and establishes the 
initial plasma arc* the plasma acts as a movable 
conductor which 'pushes* on the projectile and 
accelerates the mass down the barrel of the gun. The 
Lwentz force F p on the projectile is given by 

Fig. 1. Side view of a magnet fins compression 
generator. When the detonator ignites the high 
explosive, the top conductor is driven down to short 
the bottom conductor. The explosive then causes the 
short to propagate in the z direction, compressing 
the enclosed flux. 

Vi- ' 
and the projectile acceleration a is 

(6) 

(7) 

Railgun Model 

The railgun portion of the model is basically 
very simple in form- Two copper rails provide the 
current path for the accelerator. A small fuse is 
placed at the breech end of the gun section directly 
behind the projectile. The fuse serves two purposes, 
the first being to provide a current path for the 
initial MFOG current charge, and secondly to generate 
a plaaa arc between the rails to act as a movable 
conducting armature. 

An electrical equivalent circuit of the railgun 
section is shown in Fig. 3. R(x,t,I) is the rail 
resistance term which changes as a function of the 
plasma armature position x, time t, and rail current 
I. Bail heating occurs as a resslt of the resistive 
energy loss which increases the temperature and 
resistivity of the rails, the effective rail 
resistivity p (see appendix A) is represented by the 
relation 

" = "o + B T ' m 

where Pg i s the initial resistivity of the copper 
rails, 0 is a temperature-dependent resistivity 
coefficient, and p i s the width of the rails. 
Tiae-dependent diffusion of a constant current into 
the rails in combination with a fceely accelerating 
projectile leads to an effective rail resistance 
gradient (effective resistance per unit rail length) 
Rl (see appendix B) 

where m is the mass of the projectile, projectile 
velocity and position are then obtained from the first 
and second integrals of the projectile acceleration, 
respectively-

HPCC Model 

The aodel for the flax compression generator is 
similar in form to that of the railgun section in that 
the HFCG is primarily a time-varying inductor and 
resistor. Figure * illustrates the electrical 
equivalent circuit model for the MPCG and the 
capacitor bank used to supply the initial generator 
current. 

In the initial state, the switch S 2 is open, 
and Si is closed at t - 0 to connect the capacitor 
bank to the compression generator. The Etc elements 
of the capacitor bank, HFCG, and railgun fuse form a 
damped resonant circuit which has a sinusoidal current 
buildup in the MFCG. One typically closes the switch 
S 2 near the peak current of the first-quarter cycle. 

The HaGMC model includes both the capacitor bank 
charge-up cycle and the compression of the HFCG which 
is modeled as a short which moves down the length of 
tie HFCG at the explosive detonation velocity. The 
MFCG resistance term 1̂ . is modeled as a function of 
the position of the snort, the time, and the current. 

The resistance is calculated from the HFCG 
conductor resistivity pp where 

(8) 

^ - ^ i w / a t ) 1/2 m 
where u is the permeability of the rail material, 
and t is the length of time that the current has been 
flowing. 

The inductance L of the rail pair enters into 
both the alectrical circuit equations and the 
equations of motion. Electrically, as the armature 
moves down the bore of the railgun, both the gun 
resistance and inductance increase, as more of the 
rail pair is included in the circuit. The resulting 
inductive voltage V̂  is given by: 

where 

d(U) 
' dt 

'II*, 

dl Cfc 
" • i t * 1 * 

* M L l o t " L l , r 

(3) 

(4) 

(5) 

R(x.t,I) 

0—*yv*— 
LW 

J R F u J - ^ V A r c 

Fig. 3. Electrical equivalent circuit of railgun. 
*(x,t,l) and L(x) are the lumped equivalents of the 
n i l resistance and inductance which change as the 
projectile moves dom tbe tailgun. The fuse it 
first vaporized to initiate the plamma arc and start 
the projectile acceleration. T A x c is tbe plaau 
ace voltage drop (typically 50-300 VI. 
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rig. 4. WOE equivalent circuit. He closure of 
S1 initiates toe disenarae of the capacitor bank 
into the HXK-railoun system. The cloture of 52 

corresponds to the beginning of toe WCG implosion 
and Kp and I j are tbe lumped equivalents of the 
WCG resistance and inductance which Decrease with 
time. 

p N is the initial resistivity of the MKS 
conductors and if is a temperature-dependent 
resistivity coefficient (see Appendix A). r, is tbe 
ffltG current and p, is the iridth of the f i n 
coapression conductors. The effective resistance 
gradient SJJ of the WCB (see appendix 81 i s then 
evaluated as a function of tiae and current. 

«) 

(W) 

« „ ^ (sUP/ZtJ^2 . 

the equivalent hTOG resistance rem for both 
conductors in the equivalent circuit i s 

V 2 V 2 o - * 1 -
where z 0 i s tbe initial length of the generator and 
z is the length of MRS which has been imploded. 

The tens for tbe NHS inductance are somewhat 
•ore complex. As the BE burns, the overall length of 
tbe WCG circuit diminishes and thereby the 
resistance and inductance in the circuit become 
saaller. the high current*, on the other band, force 
the generator conductors apart. The toe Alaaut design 
uses a steel bar to inertially confine the generator 
during operation; however, at high current levels the 
rails of the *CG aove apart resulting in an increase 
in the inductance. Appendix C describes the technique 
used to calculate tbe time-varying inductance gradient 
Ljy f roa which the WCS inductance Iy i s 
calculated/ where 

(11) 

B g i n t RFfet,l) B,b.t,U 
W l V „ L Fb.t.l) L,M 

V„ i 
"Bank v +j_ j - v 

v S2-7 T+ V S2 
. . n 1 

o J T- VAre 
"Fu« ! 

Capacitor bank MFCG Railgun 

fig. 5. Coaplete equivalent circuit of "JTCB-powered 
tailgun. 

•ben the railgun section and the HKS section are 
combined as shown in Fig. 5, circuit equations can be 
written for the various portions of circuit operation, 
i . e . , after Sj i s closed and before S2 is closed, 
etc. The capacitor bank charge voltage is used as an 
initial condition for the start of the simulation, 
when S x i s closed, the bank is connected to the HTB 
and tbe railgun fuse shunt. The model integrates the 
energy dissipated in the fuse to determine the rise of 
vaporisation. *e evaluate the current by using 
lirchoff 's law to calculate the derivative of tbe 
current circulating in each electrical loop and then 
incrementally change the current with each iteration. 
Once each iteration of l(t) is found, we then use this 
value to compute a new set of values foe dl/dt, etc. 
The MCMC code keeps account of the various regions 
of operation to select the proper expressions for the 
computation of the circuit currents. 

As tbe MfilaC code confutes the MTCG and railgun 
currents at each tine step, the railgun. current is 
used to calculate the Locentz accelerating force on 
the projectile. Tbe projectile acceleration i s 
integrated once to compute the projectile velocity and 
twice to determine the projectile position. Tbe 
updated current, velocity, and position values in turn 
feed back into the evaluation of parameters used to 
compute tbe new value of dl/dt. 

To Illustrate the results obtained from the 
HCMC code, representative computations and 
experimental measurements are shown in the next 
section. 

mtttXICAL XEBulfS 

Tbe MGUC code has been used to model several of 
the joint URL/bat Alamos railgtai experiments 
conducted at Los Alamos, and has also been used to 
model tbe Australian national university homopolar 
generator-inductor railgun system 1*2,3]. Table 1 

Table 1. Summary of results for tbe UaaVLos Alamos Balloon Experiments [4 | 

experiment 
tt 1C 2A 2» 2C 2D a 50-1 

Accelerator length (a) «.» O.i l . t 1.1 1.1 l . t 1.1 .27 
Accelerator bore (mm) 12.5 12.7 12.7 12.7 12.7 12.7 12.7 50 
Projectile mass (g) 2.» 3.1 3.1 3.1 3.1 3.1 3.1 1»5 
Bank capacitance (at) 1.5 1.5 3.1 3.1 3.# 3.4 3.4 3.( 
Charge voltage (kf) ».S 14.2 11.5 l f .1 U.2 l t . l l i . l lt.O 
Initial energy (U) M 1*7 1M m 3M 3 » 3H 314 
Initial current (M) 215 ~45n 441 ~**t CM 625 (25 «3f 
Peak current (U) 575 ~MI ~ M ~»7f MS 12M ~125» l»5w 
Launch velocity (km/s) 2.» 5.C 5.4 ~».» ~».» ~ I i . l ~ W . l ••35 
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suamaritts theJe experiments. The diagnostics used in 
these testa included pulsed x cays to observe the 
projectile in flight; logomki coils to monitor the 
railyuu WIX current: optical and inductile pictcap 
probes to detect the plaam* aic passage along the 
barrel of the railgun; and foil switches to detect the 
arrival times of the projectile. These diagnostics 
provided measured benchmarks vita which to evaluate 
the numerical MC1AC aodel for several different 
railguo conditions. 

75-kJ Short-Circuit Experiment 

Shown first in Tig. 6 is the computed and 
measured current generated by a HFCG into a 
low-inductance short circuit. Osing appropriate 
initial conditions and an inductance gradient for the 
MFCS of 0.46 UH/m, we found that the model provided 
good agreement with the experiment. (The inductance 
gradient was chosen for best agreement with the 
experiment.) 

70-kJ/12.7-ma-aore Railann Experiment 

Figures 7(E) through 7(c) show the computed 
results for a tailgun connected to the RFCG. This 
case* which corresponds to experiment 1A, is for a 
lew-energy (70-kJ)/low-velocity (2.8-km/s) laonch. In 
this experiment, we again obtained good agreement 
between computed and measured current and the 
pulsed x-ray shadowgraph of the projectile in flight 
provided a benchmark for determining model accuracy as 
shown in Fig. 7(c). 

3B5-lcJ/50-ma-Boce aailguo Experiment 

Good confirmation of the model has also been 
obtained for the large-bore 50-ma shot in which a 
US-g projectile was launched from a 0.3-m long 
railgon. Figures 1(a), (b), and (c) show the measured 
and modeled current pulse, the ptedicted projectile 
position vs Use, and the velocity vs position. 
Again, the crmrjntcd and measured current record 
matched, and the shadowgraph record corresponded 
reasonably closely with the calculated position vs 
time. The slight shadowgraph-position mismatch 
results from a slightly higher computed relocity[Fig. 
8(c)] accentuates by toe long free-flight time. 

39b->J/12.7-—-Bore lailgun Experiment 

As a final example, we include a comparison of 
the measured and modeled results for one of the 
high-energy (390 kj)/high-velocity launches, 
figures 9(a), (b), and (e) show the measured and 
modeled current pulse, the predicted projectile 
position vs time, and the velocity vs position for 
experiment 2C. although a good match for the measured 
and calculated current vs time was obtained, 
particular sensitivity was observed in the terms 
containing the rail and flux generator widths, which 
enter into tbe calculations for the resistive terms. 
As discussed in a companion Piper jjl], shadowgraphs of 
the projectile after launch were not obtained in the 
higc-energy/saall-bore experiments; hence, tbe 
position-v9-time calculation cannot be verified as for 
the above experiments. 

I ' i ' I ' I ' I ' I ' I ' I ' I ' I 

0 S>100 150 2002S0300350«0450500550 
Tana (as) 

Fig. C. Compared amd m u r i magnetic f l * 
compresaiom generator current iato a low-indortance 
short d r o i t smowm as a fvactiem of time. The 
1.5 mf capacitor bank was initially ckecfad to lv k*. 
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Fig. 7(a). Gcaputed and acaaured current for 
experiaent U . 
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Fig. 8 (a ) . Ccaputed and •ensured current poise into 
50-aa-bore railgun vs t iae for experiment 50-1. 
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fig. 9(a). Coapated and aeuured current for 
expeiiaent 2C. 

fig. 9(b|. Confuted projectile politico as a 
functtcn of tiat foe eiperiaent X. 
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OOKLDSOIS 

Tbe mOfC aodel has provided valuable i n s i s t 
and data which ban directly benefited tie design, 
operation, and diagnostics of nTCG-railgon systems 
used in toe joint Los Alsnos/LUn. research project. 
The agreement between experiment and calculation that 
ww found for a wide variety of experiments has 
established the usefulness of tbe MUGMC aodel. 
Further development of tbe HKMC code and the 
performance of additional experiaents will lead to an 
even finer foundation for future predictions of 
railgw performance and potential. 

The authors wish to express thanks to those 
contributing to tbe development of tbe mcMC railgnc 
aodel. He offer particular thanks to C- D. 
Dorough, Jr. and J. M. lury (LML) for their 
programmatic support, to C. M. Fowler and D. X. 
Peterson of Los Alamos for their insight and 
experimental collaboration, and to X. Bevensee of KML 
toe assistance in the development of tbe WOE •odel. 
The help of a. E. Dubois in preparing this paper is 
gratefully acknowledged. 

•here pg is the initial resistivity and a is the 
I—jinatnre coefficient. 

(ft-ll through (A-l) are solved as implicit 
finite-difference equations, producing tbe temperature 
profile and resistance of tbe rails as functions of 
time, rail dimensions, and total current. Figures 
A-l, A-2 and A-3 are typical sets of current, 
tissperature, and resistivity profiles as functions of 
to!, respectively. 

stest, the energy En dissipated in each zone was 
calculated from 

En«J] In* In dt (»-S) 

.here In and as are tbe current and resistance of the 
nth zone. The total energy Ej dissipated in all tbe 
i.«es, was equated to tbe dissipation in an equivalent 
resistance Req, i.e.. 

E, *£sn ijI2 leg dt (A-6) 

where 1 is the total current. The equivalent 
resistance was then used to find an equivalent 
resistivity 0^,. Tbe equivalent resistivity of 
several current concentrations (current per unit rail 
width) were calculated in this manner. It was found 
that tbe equivalent resistivity Pjg varied 
liiuarly with the current concentration, leading to 
the simple relation 

'P« + 

AFFssTJIZ A. BTJDIVAtarf XtSISTIVTrT. AS A 
FOSCTIOH OF CnattST CTmXIsTsaTKa: 

The effect of a temperature uepeudent resistivity 
was determined in three steps. First, we 
simultaneously solved the magnetic diffusion and heat 
transfer equations to determine the time-dependent 
current and temperature distributions in a 
semi-infinite conductor divided :nto small zones. 
Second, we used tbe currents and resistances of the 
zones to calculate the energy dissipated and the 
effective resistance as a function of time. Third, we 
calculated the equivalent resistivity which turned out 
to be a linear function of current concentration. 

Hore[5]calculated the distributed, time dependent 
temperature rise and resistance of the rails as 
follow. 

Tbe current density j in the rails is given by 

where I is the magnetic field, and y is the 
semi-infinite dimension normal to tbe rail surface. 
Because tbe dimensions of the tails ace large compared 
to the current penetration depth, one-dimensional 
analysis is adequate. 

Tbe diffusion of • into the conductor i s gives by 

* « ) ' 

•^-Wf)'* 

(A-2) 

CA-3) 

were u is the permeability, P is the resistivity, 
C, is the specific hast, k i s the thermal 
inammlivity, T is the tamaeratKe, D is the asms 
density of the rail material, and t is the time. 

The electrical resistivity is m a u l to be 
earneribei by 

a * a, + a t , (*-«> 

(A-7) 

where pg is the initial resistivity, 8 is the 
current concentration dependent component of 
resistivity, and p is tbe rail width (see Fig. A-4.). 
The form of (A-?> was used to calculate the effective 
resistivity of the HFOC (I) and tbe railgun (I) 
conductors. 

(A-li •= 

Fig. A-l. awaali* 
: for a oarraa 

Dapai(iM») 

I estreat diffusion vs depth i s 
xatlc* of 1.5 sm/en. 
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rig. A-2. Teapenture « depth in 
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(¥) A1" 

•here u is the permeability of the conductors. 
Combining (s-1) ana (B-2) we hare. 

&" 
.iff 
P. V 2t / 

(»-2) 

(*-3) 

tailgon 

unlike the aTCG, the time that the current has 
had to diffuse into the rails is not uniform, but is a 
function of the time at eadi point along the rails 
that has passed since the projectile armature has 
passed that point (see K g . B-l). Assume the total 
current I behind toe projectile is constant, then the 
position X of the armature (assumed to have zero 
thickness) is given by 

-*iP •K (B-4) 

"here a and • are the acceleration and mass of the 
projectile, respectively. Hie skin depth. J(x), at 
point x, along each rail is given by 

- • M" (»-S) 

where it is the time since the time t(x) of the 
passage of the armature at point x. 

From Eg. (B-4), 

• w , 

Direction 
of motion 

dx» 

trpiecuie-^ 

1 
Mx) 
i 

^ ^ ^ L 

1" Rail 

H 
rig, B-1. aepresentation of current diffusion into 
a rail behind an accelerating projectile. The 
current diffusion is shown in terms of the 
equivalent skin depth. 

3? \ 2 t ; 

1/2 
(B-14) 

IM) 

(mote that (B-U] compared to the uniform diffusion 
case of (B-3) indicates a resistance increase by a 
factor of 8/3.) 

The preceding result is foe constant current 
resulting in constant acceleration. In the case of 
nonconstant current, the rats of change of current is 
usually slow resembling a quasi-constant current. 
Furthermore, the majority of the resistance is in the 
region close behind the projectile because the current 
has had less time to diffuse into the rails in that 
region. This further lessens the effect of time 
variation of current on the resistance. Hence, (B-14) 
is a reasonable approximation of the resistance for 
most of the railgons me have modeled. 

Hence, 

« '*>- [ f ( ! ) 1 / 2 (* 1 / 2 - 1 / 2 ) 1 / 2 ] . w i 
A short element dx of resistance K(x) at the point x is 

(s-») , w "$x7 ' 
ubere p is the width of the n i l s . The total resistance 
K of each rail is then 

Substituting (B-l) into (s-10) we get 

The average resistance gradient i± is 

1/2 

<m-l« 

(s-U) 

(M2) 

It-13) 

Airanix c. nw-DEpncnrr MTCG MOCTUCE GMOIBTT 

The intense currents in the WCG railgun system 
generate intense magnetic fields which together exert 
strong forces on all the current carriers [the same 
forces that accelerate the projectile). These forces 
drive the inertially but not rigidly confined WGS 
conductors apart. The increased spacing of the 
coadactors leads to an increase in inductance gradient 
vhich influences the overall system operation. 

The force T per unit length x driving the HTCG 
conductors apart is(«] 

•here % amd t t are the separation acd width of 
the KKB conductors. The inductance gradi-at LJJ. of 
the s t t s conductor pair .-an be approximated by 

hu = Uz • ••»* ItaB-^iiy/p,)1-'^ . (C-2) 

The form of (C-l) U take* froa mtf.Qand noraalixad 
to tat msMarad imtaetaace of the arcs. It is a close 
f i t for tts/Fr ratios froa its initial value of 1 
to aore thas it* sajsansd value of abott 2. 

The ccaplete time- sad current-dependent 
psrf oraaaot of the MOB i s modeled with (C-l) and 
(C-2) ami tat appropriate derivatives. 

1 * 
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