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ASSTSACT

Tha projactila in ●n Inductiva otora-pomrad rail ~no •~ntad by
●n ●xtmnal magnetic fiald, will oacillato under cartain conditions.
Thim bahatior is ●asily undoratoed when thara is no rasiatanca in th~
circuit comprising tha storata coil, rails ●nd ●-turc, In this Ms.,
tha flux in the comploto circuit is conaorwd. Houovar, ●s tha projac-
tila movos down tho rails, mora flux from tha ●ugmenting fi~ld ia picked
up. This mu-t ba ●ccompanied by ● d-craasa in currant in tha syatcm to
consarva thg total flux. At ● certain diatancs down tha rails, tha cur-
rant must ravarso to commm the flux, ●nd thum tho forc~ on the projac-
C11O rw9rsaoa This machanitm laado to oscillation of tha projactila.
An ●nalytic solution is uivon for tha cam in which tho raslstanca i.
saroo

INI’RODUCTION

Simpla conductin~ railguno UOQ tho forcg from the solfw8n~tic
fiald Inslda tha railo to accalarato projactilco. Augmentation and
auporconducting ●u~ntation of tha mpatlc fiald hava ban propooad so
ways to fncroaoa tha ●fficicncy of tho trmmfar frm m~otic to

mechanical o rgy.
Y

TIM ●nargy ●nd ●fficiancy of ●u
T

ntad a~atcu ha.

b~m ●alysad. In this papar and in ● followi~ papar, w shall ●xm.iM

the bahavior of tha projectile,

In tha systam that w. will considar, ●n ●tarnal inductor providm
the initial currmt that flow through tha rails of tht gun and throu$h a
aonductiw path locatad inmida tha projactila, & shmo in FIs, 1, ●n-
othar cxtarnal coil providos tha ●u&mantins ma8notic fiald. W will ●c-
suma that, in ●n X7-S coordiuto syatam, tlw railo Iia in planm
pamllal to tha x-axis ●nd that tha projactilo is induced to mom in tha
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X4irsatioa. Altboilgh RIM r joutilo io ● ash of mat h, m w
do-t, ltm posltlom ●t tin t ma lotatlon, x(t), of tho Comduator
9mh’dd8d in lt. Ihzu, * am.mt flow f- tbo ibtor through mx

\

rail to tha ~lat x(t) wlw~ it is shunted to th9 otbm r8il by tb con-
ductor in tha projactila. This curr9mt sivot ria* to tha salf-gnatlc
f told which ●ct. on tha pro fictilo throtqh tha Lorum forc~. Sinca ttm

inducta=a of thm rail gun can ba writtan ●s L’%, whore L’ is tha i -
Ptanca psr unit length, tha Lorontx forco dua to tha current I is L’ I /2.
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Fig. 1. Canaralisad ●sgmontod rail gun layout.

Tha projactila is oubjtct to ●n additional forca dua to tha
●~nting fiald Be. In this ●yotam, Be it Indapoadant of both tine ●nd
position ●nd llCO in tha sama diraction ●s tha calf fiald. T’hUS, tha
cmponant of Lormts fore, dua to tht ●ugmnting field is BohI. ThS to-
tal forco on tha projactilo io ths sum of thtoa two forcas:

(1)

t IOUs

ThQ currant ia d,taminad by tho circuit ●lamnts L ,
raaiatanc~ R, ●nd b~ Faraday’s law for tho changa in flux dua ?O
jactilo moving h tha a~nting f imld:

& [(LO+L’o +Bod +RI -0 ‘

L’x, ●nd
tha pro-

(2)

For thio analysis, w will aao- that thuo 10 no couplinc batwam tha
●u~nting coil, tht pw~r nourc~, ●d th~ $un, Wa will ●lso Il@#lact
dimtortiono of tha rails ●nd tho proj~ctila so tha~ tha projcctila haight
h ramino conmtant.

Wa will oolva (1) ●nd (2) for tho proj~ctila pooition ●nd valocityo
x ●nd i, and tha currant, 1, Und~r cartain circumtancaa, w will find
that the projactila oacillstasl that is, it news firmt in the poaitiva x
diraction, stopo ●t mm distsnc~ which wa dmot~ by X(T)) than ravoroas
diractiona ●nd movat baak toward itm orisirul pooition.

Thosa projactih oscillations ●rm caumd by sltn chs~as in ths cur-
rant. To sa~ how them charism ●ri.o, lot us ●.uw that St tin t = O,
tho projoctila position is mro, x(0) - 00 tha r-ststaneo R is s~ro ●nd
the aurrmt I(0) has the strictly positivo valu~ zoo
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By (2), th Curr,nt ●t tim t is

LOIO Bohx(t )
I(t) =

Lo + L’x(t) - LO + L’x(t)

TM. currant consists of tw t9m8. Th9 first is * to the inductivo
circuit. Thm ●acond im of oppooito sign md 1. tho rooult of the cha~

in flux in tha rails from the mgnnti~ fiald. As x Illcram,s, tha

mcond component incraamo md tha total currmt dacruaaa. Uhan x is
ouch thct Bohx ●quah L l., tha currant ●nd hatco tha forco on the pro-
joctila ●ra z9ro. S?nca tha kinatic ●urgy of tha projoctila is not
zaro, it continuaa to wva, x incrusao, and tha current bccma na~-
t iv, ● At ●om point, x(T), the kinetic ●wrgy IS mro and projoctila
-top@. Tha forct in tha opposita diraction now ●cts on tha proj,ctila,
driviq it bmck to its orisincl position whan the pattarn rapaats. With
mcll valuao of raoiotanca, this oscillatory motion la ●liuhtly -d
and tht projoctila ultimmtcly c

‘7
s to raat near x(T)/2. At grs~tm

values of it, tha oacillationa vaniah.

TIM-o hishly undsairabla motions havg ● groat ●ffact on ●u~ntod
rail gun daaisn. Por ●xmpla, they datarmina-that thara is ●

sivas Mximm launch velocity. Thi8 18 in contramt to mimpla
in which tha launch valocity is in proportion to tho lm@h.

EXACTSofmxott

Closad-form solutions of (1) and (2) cm bc obtain~d for

lqih that
rail gum

tha casa in
which tha rmiotanco is mro. AC such solutions show thm limiti~
bohcvior for cam. in which tha raaiatanca 1. smll ●nd ●s thay ara uoa-
ful in datamini~ tha validit: of ●pproximcta oolutionc, WQwill obtain
th~ clooad-form solutions first.

IA us dafina ths currant Jo ●s tha ratio of Boh to L’t

With tha initial conditiom

x(0) = 0, ~ = 0, ●nd I(0) = 10 ,

●nd with R = O, tha total currant in th~ circuit ●t time t 1.

LOIO - JoL’x(t)
I(t) -

Lo +L’x(t)
●

By (2), (3) ●nd (5), tha accalamtion cm b~ writtm

‘g+”[t”+#2-J:l ‘

(3)

(4)

(s)

●✎

(6)

y“l+~
o

(7)



aad tha pa-tar.

●quat ion (6) bOC~O

(L’)2 [1Y“q(Io+Jo)2 >-s2 .

(0

(9)

Multiplication of (9) by f yialds tha followi~ ●XprQOOiOlt, which .ah~s
that tha qucntity bclw ●ncloacd in brackets IS conoamd:

[

;2 + (L’)2
~ ~ ‘~ (I. + JO)2 ( )1

;+B3 =0 ●

o
( 10)

By (k) ●ad (4b), tha initial condition on Y ●ra

y(o) - 1 ●d j(o) - 0 . (11)

Thus, by (10) and (11), we obtain ths followi~ first inta8ral of (9):

())2 m
(L’)2(10 + JO)2 02(y - 1) (@-z - y) .

~o Y
(12)

Tha nommlicod velocity ~ may hcva positiva ●nd nogativc valuaa ●nd,
in ●ddition to its mro initial value,

j=Owh9ny=S-2 . (13)

Sinca by (8), 8 is strictly lass than 1, ●nd by (ha), y(0) _ 1, th nor-
maliz~d ●ccalaration Y is initially positiva; ●t tho point y - S-2, tha
●ccaloration 18 nqatlvc:

y . K)2 (10 + JO)2 (1-s2) whan y ● O
0

Y ● -6%0) wham y - @ . (14)

Whomy ■ 8-1, Y i- saro ●nd tha M itudo of tha noruligad valocity
●chl~vat itc Mximm valua of L’IO/ % , TbUS, WQ find that thg wlocity
itmlf is initially pooitiw, roachao ~ Mximua, dacraaoas to smo ●nd

[11’10
—+2 ,
Boh

(15)
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fra which w my own tba fouoallg funutiom of yt

,..

UL’(10 + Jo)
q

o

)

1/2
t-

r

do .
-o 1 (a - 1) (B-2 - u)

(16)

Tha inta r 1 on tha right may ba ●xpretaod in tarn of ●lliptic
5!intqralc ‘ :

and 7 i. the ●lliptic intasrsl of tha ●ocond kind:

%batitution of (17) into (16) yialdc tha following ●xpraaoion from which
y(t) ●nd tha solution of (l), that ia, the proj,ctilo pooition x(t), uy

by (13),

~m

For

●a th~ tima ●t which y = B-2 ●nd,
By (16), T hm tht valua

2= (IoL’ + Bob)
A . E(./2;H)

tho CaCO DO= 100 T, I =
80.35 IAR/m, L. = 5 ulland m = O. 05

(19)

90 M, h = 9.53rn (3/8 in), L’ =
kg, MS. (7), (15) and (19) UiV@tho

tha maximm value of 20 T for ● typical ●ugwntiq fiald, 1 In our ●naly-
sia, th~ ●ugmantint fiald ●ppmrm only in tha product Bob, tha ●qnting
flux par unit l@n8th, Thus, tha ●bova valuaa for f ●nd x(t) hold for ●ny
syntam in which B h is ●pproxiMtaly 0.953, Q,#,, DO= 20 Tesla ●nd ho =
4,763 Cm. Vtriat?on. of t ●nd x(t) with Boh ●ra prammtad in th~ follw-
in8 papu3 in which th~ aff~ct of nons~ro rasfotanco on projoctila oacil-
lationa im diacummd,
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Fig. 2. In the ●ugmntad rail gun
diocuos~d in tha text, tha projac-
tila Mva s 0.96 m toward tha
muczlo of tha gun, then stops,
reversoo diraction ●nd movss bck
tmard tha broach. k this IS tho
looslaaa CaOO, thm~ o~cillstioms
contirnm Indafinittly. Haximlm
valocity occuro mar 0.47 m.
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