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1 lus t ra t i on   o f   t he   f o rces  
response o f  a f l e x i b l e  

IEEE TRANSACTIONS ON MAGNETICS, VOL 

RECOIL I N  ELECTROMAGNETIC RAILGUNS 

Wm. F. Weldon, M. D. Driga, and H.  H. Woodson 

Abstract - Gun designers have long  accepted and 
understood  the  fact   that  guns exper ience  recoi l  when 
f i r e d ,  and many ingenious mechanisms have been devised 
t o  cope with the problem.  But hope spr ings  eternal ,  
and when confronted  wi th  a  revolut ionary new technique 
fo r   acce le ra t i ng   p ro jec t i l es ,  where the  accelerat ing 
mechanism may be somewhat mysterious,  the gun designer 
hopefu l ly  asks, "Does it recoi l?" ;  knowing i n   h i s  
hear t   tha t  it does. The more d i f f i c u l t   q u e s t i o n   w i t h  
regard  to  the  e lectromagnet ic (EM) r a i l g u n   i s  "Where 
and how do  these reco i l   f o rces  appear and can t h e i r  
loca t ion  and d i s t r i b u t i o n  be controlled?"  That i s  the 
t o p i c   o f   t h i s  paper. 

BACKGROUND 

When a thermodynamic  gun i s   f i r e d ,   t h e   r e c o i l   i s  
caused pr imari ly  by  the  pressure  of   the  combust ion 
products  against  the  breech  closure  (Fig. 1) .  Whereas 
the   la te ra l   fo rces  due t o  gas pressure  are  reacted 
against each other  by  the "hoop st rength"   o f   the gun 
bar re l ,   the  gas pressure  act ing  against  the  breech 
b lock i s  uncompensated (except by f r i c t i o n  between the 
p r o j e c t i l e  and bore) and  pushes the gun b a r r e l  back- 
ward  as the   p ro jec t i le   i s   acce le ra ted   fo rward .  An 
add i t iona l   source   o f   reco i l  i s  the  rocket - l ike  act ion 
o f   t h e  combustion  products  leaving  the  muzzle  after 
the   p ro jec t i le   ex i ts .   Overa l l ,   o f   course ,   the   p re-  
vai l ing  requirement i s  the  conservat ion  of  momentum. 
Because the system s t a r t e d   i n i t i a l l y   ( p r i o r   t o   f i r i n g )  
wi th  zero  net  momentum (both gun and p r o j e c t i l e   a t  
res t )   t he   ne t  momentum o f   t h e  system must remain  zero. 
This  means of   course  that  

so tha t  as the  pro ject i le   acqui res  forward momentum 
through  the  act ion  o f  gas pressure on i t s  base, the 
gun acquires momentum i n  the  opposi te   d i rect ion 
through  the  act ion  of  gas pressure on the  breech  plug. 
We s h a l l  see t h a t  an analogous s i tua t ion   occurs   w i th  
the  ra i lgun.  

F ig .  1. Recoil i n  a  conventional gun. 

Perhaps the  simplest i 
a t  work i n  a   ra i laun  i s  the 
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cable  carry ing  a  large  current  (Fig.  2 ) .  When the 
c u r r e n t   i s  passed  through  the  cable,  the  cable expands 
to   inc lude  the   la rges t   a rea   poss ib le ,   t yp ica l l y   a   c i r -  
c l e  i f  not  otherwise  constrained. It can  be  enviy 
s ioned  that   s ince  the  current   f lowing  in   the  cable 
produces a uniform amount o f   f l u x  per unit  l eng th   o f  
cable,   the  f lux  densi ty i s  somewhat higher  inside  the 
c i r c le   t han   ou ts ide  due s imp ly   to   the   curva ture   o f   the  
cable.   Furthermore,  appl icat ion  of   the  fami l iar  
" r i g h t  hand ru le"  w i l l  show tha t   t he   f l ux   con t r i bu -  
t i ons   f o r   va r ious   sec t i ons   a re   add i t i ve   ( i n   t he  same 
d i r e c t i o n )   i n s i d e   t h e   c i r c l e  and subt rac t ive   ou ts ide  
the   c i r c le .   Bo th   o f   t hese   f ac to rs   resu l t   i n   a   h ighe r  
magnetic f lux   dens i ty   ins ide   the   c i rc le   than  ou ts ide ,  
and a  net  "magnetic  pressure"  causing  the  cable t o  
expand i n t o  a c i r c l e .  

Fig. 2 .  Response o f  a f l e x i b l e   c a b l e  
t o  a  large  current.  

More r igorous ly ,   the  force i s  equal to   the   der iva-  
t ive  of  the  magnetic  coenergy with respect  to  general-  
ized  coordinate  x 

The fo rce ,   ac t ing   loca l l y  on  each element o f   the 
f l e x i b l e   c a b l e ,   i s   i n  a   d i rect ion  to   increase,   by  loca l  
contr ibutions,  the  inductance  of  the  loop,  thereby, 
expanding it i n t o  a c i r c l e .  

The local   forces will be h igher   a t   the  po ints  and 
along  the  d i rect ions where the  inductance  gradient i s  
higher: 
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The in teg ra l   o f  a gradient  over any closed  curve 
i s  zero.  This shows tha t  Newton's t h i r d  law i s  
respected i n  a global  sense. 

SIMPLE RAILGUNS 

These same re la t ionsh ips  can be more s p e c i f i c a l l y  
app l ied   to   the   ra i lgun  as shown i n   F i g .  3 .  O f  course 
the  force on any p a r t   o f   t h e   r a i l g u n   c i r c u i t   i s   s i m p l y  
the  vector  product  of   the  current  in  that   part  and the 
magnetic f lux   dens i ty   a t   tha t   po in t ;  commonly ca l l ed  
the  Lorentz  force. To the   ex ten t   t ha t   t he   ra i l gun   i s  
symmetrical  along  the  center  l ine  (Fig. 3) ,  the  forces 
tend ing   to  sepa#rate  the ra i ls   are  symmetr ica l   a lso and 
may be conveniently  reacted  against each o the r   i n   t he  
containment  structure.  This  leaves  the  Lorentz  force 
on the  armature t o  be reacted upon the   por t ion   o f , the  
c i r c u i t  which  "closes  the  breech," i n   t h i s  case the 
power supply! In   the   s imp le   ra i lgun  shown i n  Fig. 3 
t h e   r e c o i l   s i t u a t i o n   i s  analogous t o   t h a t   f o r   t h e  con- 

' vent ional  gun i n   F i g .  1, t he   reco i l   f o rce   i s   app l i ed  
to   t he   c i r cu i t   conduc to r   a t   t he  breech  closure. O f  
course few ra i lguns   a re   la id   ou t  as simply as t h a t   i n  
Fig. 3, the power supply  often  comprising  several com- 
ponents  instead  of  the  simpli f ied  ideal  current  source 
shown. 

Fig. 3. Simpl i f ied   ra i lgun ,  schematic. 

MORE COMPLEX CONFIGURATIONS 

The admonit ion  that   " the  recoi l   forces appear upon 
the power supply," i f  taken   t oo   l i t e ra l l y ,  may lead 
one astray.   Appl ied  for  example t o   t h e  somewhat more 
r e a l i s t i c   r a i l g u n   c i r c u i t   i n   F i g .  4a, the gun designer 
might  joyously  conclude  that  the  recoi l   force would be 
d i rec ted  downward! Alas, we must apply  the  lesson  of 
Fig. 3 i n  more deta i l   to   determine  the  t rue  nature  o f  
t h e   r e c o i l   f o r c e s   f o r   t h e   r a i l g u n   i n   F i g .  4. I n  a 
s i m p l i f i e d  sense the  para l le l   sect ions  o f   the gun 
i t s e l f  (1 and 2 )  can  be reacted  against each other as 
before, as  can the  paral le l   sect ions  of   the'power sup- 
p l y  bus (3 and 4 ) .  Using t h i s  same log ic   the  power 
supply ( 5 )  can be reacted  s t ructura l ly   against   sect ion 
( 6 )  o f   t he  buswork. This means that  the  accelerat ing 
fo rce  on the  armature ( 7 )  must react  against  section 8 
of   the buswork  which  "closes  the  breech," a t   l e a s t   i n  
the  electromagnetic sense. 

Unfor tunate ly   th is   s i tua t ion  has l ed  more than 
one nov ice  ra i lgunner   to   cons ider   the  conf igurat ion 
shown i n   F i g .  5 i n  an e f f o r t   t o   r e d i r e c t   t h e   r e c o i l  
force. By making the  breech  t ransi t ion  f rom  the edge 
o f   t he   ra i l s   ra the r   t han   t he  ends, the  breech  closure 
i s  avoided.  While t h i s   i s   c e r t a i n l y  an advantage f o r  
at taching an autoloader, what happens t o   t h e   r e c o i l  
f o r c e   i n   t h i s  case?  Perhaps it i s  el iminated? 

@ 0 
r--7- 

J 0 
a  b 

Fig, 4.  Recoil   forces i n  a more complex rai lgun. 

Fig. 5. Another  approach t o   t h e   r e c o i l  problem. 

I n   t h i s   i n s t a n c e   o f  what we sha l l   ca l l   t he   s ide -  
f e d   r a i l s  it i s  a b i t  more d i f f i c u l t   t o   t r a c e   t h e  
reco i l   fo rce .  It i s  doubly  important  to do i n   t h i s  
case,  however,  because of   the consequences. I f  the 
magnetic f i e l d  around the   b reech  o f   the   ra i lgun   in  
Fig. 5 i s   p l o t t e d  (as i n   F i g .  6)  then  the  recoi l   force 
can be characterized. More important ly  the  s ide  load 
on t h e   p r o j e c t i l e   r e s u l t i n g  from t h i s  geometry becomes 
apparent.  Figure 7 shows the  d i rect ion  o f   the  Lorentz  
force on the  armature and the   resu l tan t   reco i l   fo rce  
on the   ra i lgun   fo r   th ree   pos i t ions   o f   the  armature. 
I n   F i g .  7a, the bus from  the power supply  acts as  a 
ra i l gun  and no forward  force i s   a p p l i e d   t o   t h e  arma- 
t u r e ' a t   a l l .  It i s  s imply   forced  against , the  insu lat -  
ing  s idewal l   o f   the  ra i lgun.  Even with  the  armature 
forward  of  the power supply bus (Fig.  7b) a s i g n i f i -  
can t   f rac t ion   o f   the   Loren tz   fo rce   i s   app l ied   aga ins t  
the  s idewal l .  As the.armature  travels down t h e   r a i -  
lgun  (Fig.   7c)  the  Lorentz  force  vector  rotates  to 
become more near ly  a l igned  wi th  the  ra i lgun. 
Obviously t h i s  case  must  be avoided  since  the  possi- 
b i l i t y   o f   l o c k i n g   t h e   p r o j e c t i l e   i n   t h e  breech  section 
o f   the   bar re l   ex is ts .  A t  the  very  least ,   substant ia l  
damage to   the   s idewal l   insu la to r  will r e s u l t .  The 
problem of   the  s ide- fed  ra i lgun  can be solved  by  feed- 
ing  it symmetrically  from  both  sides  (Fig. 8 )  i n   t h i s  
case the  transverse components of   the  Lorentz  force 
will cancel  leaving  only  the  longitudinal component t o  
ac t  on the   p ro jec t i l e .  Great  care must be taken how- 
ever to   insure  equa l   cur ren t   d is t r ibu t ion   in   bo th   legs  
of   the power supply bus. 
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Fig.  6 .  

a 

\4 

Magnetic f l u x   d i s t r i b u t i o n   f o r  
s id - fed   ra i lgun .  

b 

Fig, 7 .  Armature and reco i l   f o rces  
s ide-fed  rai lgun. 

i n  a 

OTHER CONSIDERATIONS 

We have now  come t o  see that  regardless  of  
geometry, the   ra i lgun   reco i l   fo rce  appears  wherever the 
breech  o f   the  ra i lgun  is   "c losed"   in   the  e lect romag- 
n e t i c  sense. As ne  examine the  problem i n  more d e t a i l  
a few other  interesting  aspects  present  themselves. 
For  example, i f  we examine the  current  path  from  the 
r a i l g u n   r a i l   i n t o   t h e  armature  (Fig. 9 )  or  power bus 
we f i n d   t h a t   t h e r e   i s  some transverse component of 
c u r r e n t   i n   t h e   r a i l   i t s e l f  and therefore  a  longi tudi-  
na l  component o f   force  appl ied  to   the  ra i l   conductor  
a t   t h i s   p o i n t .   S i n c e   t h i s  phenomenon occurs  at  both 

Fig.  8 .  Symmetrical ly  side-fed  rai lgun. 

i f F  

Fig. 9. Current  path i n   ra i l - t o -a rma tu re  
t rans i t i on .  

ends o f   t h e   r a i l ,   a   t e n s i l e   l o a d   i s   a p p l i e d   t o   t h e  
r a i l  and it i s  important  for   the gun designer to   rec -  
ognize  th is.  

Having  established  that  electromagnetic  railguns 
do indeed  experience r e c o i l   f o r c e s   i n  much the same 
way as conventional guns; we will o f f e r  one in te res t -  
i n g   p o s s i b i l i t y   o f  what might  be done i n   t h e  way o f  
r e c o i l  management t h a t   i s   n o t   p r a c t i c a l   w i t h  conven- 
t i o n a l  guns. Railguns powered  by pu lsed  ro tat ing 
machinery  (homopolar  generators (HPGs) o r  com- 
pulsators) must deal  with  the  substantial  discharge 
torque of  t he   ro ta t i ng  machine as we l l  as the   reco i l  
o f  the gun. O f  course  the  net  discharge  torque can  be 
reduced t o  zero by the use o f   counter   ro ta t ing  genera- 
tor   rotors,   but   for   the  compulsators [l] a t   l eas t  an 
i n t e r e s t i n g   p o s s i b i l i t y   e x i s t s   f o r   t h e   s i n g l e   r o t o r  
machine. Unl ike  the HPG which must charge an interme- 
d ia te  induct ive  s tore,   the  d ischarge  torque  prof i le   o f  
the  compulsator can  be made t o   e x a c t l y  match the 
r e c o i l   f o r c e   p r o f i l e  o f  the  ra i lgun  dur ing  the  launch 
t ime.  This  suggests  the  interest ing  conf igurat ion 
shown i n  Fig. 10. If  t h e   r a i l g u n   i s   s o l i d l y  mounted 
to   the   compulsa tor   s ta to r ;   the   ra i lgun   reco i l  can be 
reacted  against  the  compulsator  discharge  torque. 
Unfor tunate ly   th is  does no t   resu l t   i n   a   cance l l a t i on  
of  the  forces,  but does r e s u l t   i n   t h e   r e c o i l   o f   t h e  
rai lgun  appearing as a   l a te ra l   f o rce   a t   t he  base o f  
the  compulsator.  Dissipative  losses i n  the system may 
prevent  the  compensation  from  being  perfect,  but  the 
technique does of fer   the  promise  o f   substant ia l ly  
reducing  the  overturning moment of   a   h igh performance 
compulsator-driven  railgun mounted on a  vehicle. 
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Fig. 10. Compulsator driven  railgun 
recoil  considerations. 

CONCLUSION 

Recoil  forces i n  EM railguns appear  wherever the 
breech of  the  railgun i s  closed  electromagnetically. 
This means recoil  forces may appear  on power supply 
leads, switches, or power supply components  them- 
selves. Careful  attention i s  required on the  part  of 
the  railgun designer to  control  the  location  of  the 
recoil  loading and provide means for  sustaining  the 
loads.  Careless design can r e s u l t   i n  undesirable 
forces  being  applied to   the   p ro jec t i le  armature as 
well. On the  other hand a thorough  understanding of  
where  and how recoil  forces  are generated can be used 
t o  good advantage i n  some EM gun systems. I n  closing 
we offer  aspir ing  rai lgun designers one b i t   o f  advice 
or ig ina l ly   o f fered  to  HPG machine designers by Hr. B. 
0. Lamme i n  1906, "You can't  fool  the  flux." 
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