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P O S S I B I L I T Y  O F  A P P L Y I N G  E L E C T R O M A G N E T I C  

A C C E L E R A T O R S  T O  I N V E S T I G A T E  P R O C E S S E S  

O C C U R R I N G  IN T H E  H I G H - V E L O C I T Y  C O L L I S I O N  

OF S O L I D S  

V. F .  A g a r k o v ,  A. A. B l o k h i n t s e v ,  
S .  A. K a l i k h m a n ,  V.  I .  K u z n e t s o v ,  
V. N. F o m a k i n ,  a n d  A. A. T s a r e v  

UDC 538.323 : 534.2 

Exper iment  on the h igh-veloci ty  col l is ion of s t ruc tu re  spec imens  with pa r t i c les  of l e s s  than a m i l l i m e t e r  
in s ize  at 1 - 1 5 - k m / s e c  speeds  a r e  n e c e s s a r y  for  the investigation of ma t e r i a l  p rope r t i e s  by the applicat ion of 
mechanica l  f o r c e s .  P r o m i s i n g  acce le ra t ing  appara tus  a r e  e l ec t romagne t i c  a c c e l e r a t o r s  that use the powerful 
action of an e l ec t romagne t i c  field on conductors  with cur ren t .  It turns  out to be poss ib le  to acce l e r a t e  cy l in-  
dr ical  conductors  of l e s s  than 1 - m m  d i am e t e r  to veloci t ies  exceeding 10 k m / s e c  [1] in the r eg ime  of s epa ra t e  
regulat ion of the acce le ra t ing  magnet ic  field and the cur ren t  in the conductor.  

1. Quite important  to the quanti tat ive es t ima te  of h igh-veloci ty  act ion is the question of the s ize  of the 
body being acce l e r a t ed  at the t ime  of the coll ision.  If the cur ren t  densi ty is l e s s  than the l imit  according  to 
the fusion condition, and the conductor  d i am e te r  is much l e s s  than the equivalent depth of penetra t ion (A e = 

where  w is the c i r c u l a r  f requency  of the d ischarge  cu r ren t ,  and (r, #0 a re  the conductivity and m a g -  
netic permittivit-y of the conductor  ma te r i a l ) ,  then sausage - type  instabi l i t ies  cannot develop [2] and the d i a m -  
e t e r  can be considered constant.  The length of the conductor  d iminishes  because  of t he rma l  p r o c e s s e s  at the 
s i tes  of a rc  contact with the c u r r e n t - c a r r y i n g  ra i l s  during the acce le ra t ion .  Heating occurs  by the cur ren t  
flowing in the conductor (volume source)  and because  of the heat flux f rom the e lec t r i ca l  contact a rc  (surface 
source) .  An analys is  (see Appendix) shows that the combined effect of the volume and sur face  sources  is l imi ted ,  
in p rac t i ce ,  to a l a y e r  of th ickness  2 aV~Y, where  a is the coefficient  of t he rma l  diffusivity and t is the t ime .  Out- 
side this l aye r ,  heat t r a n s f e r  f r o m  the contact zone can be neglected and it can be cons idered  that the heating 
occurs  only because  of the volume source .  We use this assumpt ion  to compute the evaporat ion ra te  and the 
diminution ra te  of the length of the conductor  being acce le ra t ed  because  of evaporat ion.  The max imal  a c c e l e r -  
ation t i m e  and the cor responding  l imit  veloci ty  according to the heating conditions a r e  de te rmined  by the t ime  
the conductor  ach ieves  a ce r ta in  min imal  s ize according to the conditions of the exper imenta l  invest igat ions.  
There fore ,  the ene rgy  balance equation has the f o r m  
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5, pp. 26-31, Sep t ember -Oc tobe r ,  1982. Original a r t i c l e  submit ted Sep tember  2, 1981. 

0021~8944/82/2305---0G37807.50 �9 1983 Plenum Publishing Corpora t ion  61 7 



i f '  Ti i- 
J 

�9 T t - where  q(t)= IjU~I is the specif ic  power  of the sur face  source;  j, cur rent  density; s eqm~alent p r e s s u r e  drop 
near  the e lec t rode ,  which equals U~a and U0~ for  the anode and cathode, r e spec t ive ly  [3]; v~, evaporat ion ra te ;  
T1, t e m p e r a t u r e  of the evapora t ion  sur face ;  L0(T1), specif ic  energy  of evaporat ion;  and % c, p a r e ,  r e spec t ive ly ,  
the density,  specif ic heat,  and specif ic  r e s i s t ance  of the conductor m a t e r i a l .  

The integral  in the right side of (1) depends on the t e m p e r a t u r e  change in t ime  and shoutd be computed 
with both the sur face  and volume sources  taken into account.  We r e p r e s e n t  it approx ima te ly  by the sum of 
two components  

0 0 vl  ~ 

where  Pz (Tt) =P20[ 1 +e2 (T1 - -T2)  iS the specif ic  r e s i s t ance  of the liquid phase  on the evaporat ion front ,  T 2 is the 
mel t ing t e m p e r a t u r e ,  and P0, c~, P20, OzZ are ,  r e spec t ive ly ,  the initial value of the specif ic  r e s i s t ance  and the 
t e m p e r a t u r e  coefficient  of the r e s i s t ance  of the solid and liquid phases .  

The f i r s t  t e r m  in (2) is the energy p e r  unit volume because  of heating by just  the volume source ,  the ' 
change in the specif ic  r e s i s t a n c e  is taken into account only under the effect  of the volume source ,  the second 
t e r m  is the energy being l ibera ted  by the volume source  on the evapora t ion  wave f ront ,  where  the extent of 
the front  is taken to be equal to the zone of combined influence of the sur face  and volume sou rces .  After man ip -  
ulation, we obtain f rom (2) 

~1 (0 = I Jv'01 + 2;% (rl) ' V ~  ~3i 

_ ,  

The t e m p e r a t u r e  dependence of the specif ic  evapora t ion  energy has a f o r m  in conformi ty  with [4] 

Lo(T1) : L0(t - -  rl/rs)i/-~ (4) 

where  T 3 is the c r i t i ca l  t e m p e r a t u r e .  

For  the t h e r m a l  rupture  m e c h a n i s m  the evaporat ion ra te  follows the sur face  t e m p e r a t u r e ,  always r e -  
maining in equi l ibr ium with r e spec t  to this  t e m p e r a t u r e .  Taking account of the r e v e r s e  pa r t i c l e  flux for  the 
Einstein model of a solid, the express ion  fo r  the evapora t ion  ra te  has the f o r m  [5]: 

v l ( r l )  = k(Btrl)exp(--r*171); (5) 

where  B=3Mu/2eR;  T* = LoM/~/R; u is the mean  sound speed in the solid; M, a tomic  m a s s ;  e, base  of natural  
logar i thms;  R, universa l  gas constant;  and k E [0, 1], a constant de te rmined  by the r e v e r s e  par t i c le  flux. 
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For known values of the constants and a given current  density function, the relat ionships (3)- (5) form 
a closed sys tem of equations whose solution for  the anode ,~nd cathode ends, respect ively ,  of the conductor 
can determine the total diminution (erosion) of the conductor length because of evaporat ion:  

t 

Ii = j (Via + vie) dr. 
0 

in the case being considered of a moving electr ical  contact arc ,  the magnitude of the r eve r se  par t ic le  
flux will depend on both the electrode polari ty and the velocity of body displacement.  At the anode end the 
e lect r ical  field produces an ion flux f rom the electrode,  while ions are kept at the surface at the cathode end. 
As the motion velocity increases ,  the r eve r se  part icle  flux will diminish, and the value of the coefficient k will 
tend to unity. To analyze the influence of the polari ty and velocity experiments  were  per formed to determine 
cathode and anode erosion for a fixed and moving conductor.  The resul ts  of experiments  with aluminum con- 
ductors  (Fig. 1, lines 2 and 4 for the fixed conductor,  1 and 3 conductor moving at the mean velocity 1.8 km/  
sec,  j =83 "10~sin75.4 "103t (A/M)2 , 1 and 2 anode erosion,  3 and 4 cathode erosion) showed that for  current  
densities and t imes  of action charac te r i s t i c  for the high-veloci ty project i le  p roeess ,  erosion of the cathode 
end is substantially less  than of the anode end in the case of a fixed conductor.  Values of the constant for the 
anode k a =1 and cathode k c =0.5 were  computed f rom the experiment resul ts ,  and which were la ter  assumed 
unchanged in all the accelera t ion reg imes .  

The resul ts  of computations on a digital computer  by using the method proposed for  the case of a s inus-  
oidal change in the cur rent  density j =J0 sinwt were  compared with the resul ts  of experiments  on acclera t ion 
of conductors .  The experiments  were  per formed on the installation l~MU-1 descr ibed in [1]. The erosion was 
determined by the x - r a y  diffraction pat tern of the conductor being accelera ted .  A pulse apparatus with a t h ree -  
electrode tube of "open" type s imi lar  to that described in [6] was used for the x - r a y  diffraction. The photo- 
graphs film was at a distance less  than 15 mm f rom the conductor,  which assured sharpness  of the image. 
Because of the change in the t ime delay between the beginning of accelera t ion and the del ivery of the pulse to 
the x~-ray tube, x - r a y  patterns were  obtained at different t imes ,  including even for collision with an obstacle.  
A typical  x - r a y  pat tern is presented in Fig. 2, where 1 is the conductor and 2 is the cu r r en t - ca r ry ing  rail .  
The magnitude of the erosion can be determined as the difference (taking the scale into account) between the 
conductor lengths on cor responding  x - r a y  pat terns by comparing the pat tern for the fixed conductor before 
the beginning of acce lera t ion  and during the motion. The resul ts  of computations and experiments  for the 

t ! 
sinusoidal current  case,  presented in Fig. 3 (the lines are  the computation for aluminum, U0a =19 V, U0c = 
9 V, the experiment  resul ts  are  the points T and IT, J0 =70 and 100 kA/mm 2, ~=157~000 and 220,000 sec -1, r e -  
spectively, the vert ical  lines correspond to melting of the conductor under the effect of the volume source;  
lines 1-4 correspond to J0 =250, 170, 100, 70 k A / m m  2, 1-3) oJ =220,000 sec -1, 4) w=157,000 sec -1 are  in good 
agreement .  The sys tem of equations obtained in combination with the equation of motion [1] permits  com-  
putation of the pa rame te r s  of a cylindrical  body at the t ime of interaction with an obstacle.  

2. Experiments  on the high-veloci ty action of cylindrical  bodies on s t ructura l  mater ia l s  were  per formed 
Oil the experimental  apparatus EMU-2 (nominal voltage 50 kV, energy capacity 150. kJ, oscil lation frequency 
62 kHz). Aluminum wire  segments of 4-6 mm initial length (final length 2.3 ram) and 0.2-0.4 mm diameter  
were used as thebodybeing a6celerated.  The collision velocity was determined by using SFR-pat terning of the 
accelera t ion p rocess .  Moreover, the maximal possible velocity in the experiment (without taking account of" 
the diminution in magnetic  field induction because of thermal  and mechanical  destruct ion of the coil) was com-  
puted by the osc i l lograms of the current  in the coil and in the conductor being accelera ted .  
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A photograph of the cavern  obtained because of the collision between an aluminum conductor of 0.24-ram 
diameter  at a velocity of 11.3 k m / s e c  with a specimen of M1 copper  the  method of measur ing  the velocity is 
described in [1]) is presented in Fig. 4. The cavern is oval in shape since the conductor length is much g r ea t e r  
than its d iameter .  

The resul ts  of the experiments  showed that the length l of a conductor being accelera ted  influences the 
cavern pa rame te r s  as follows: for //d o ->3, where d o is the conductor d iameter ,  the cavern  width is pract ical ly  
independent of the conductor length, and the cavern  depth diminishes negligibly as the conductor length increases  
while its d iameter  remains  unchanged. 

Dependences of the relat ive cavern  depth h* and width D* on the collision veloci tyv 0 a re  constructed ac -  
cording to experimental resul ts  for the aluminum alloy AMg6 and copper M1, h* =h/d0, D* =D/d0, where h is 
the absolute value of the cavern  depth, and D is the absolute value of the cavern width, and the cavern  p a r a m -  
e te rs  were  measured  at the level of the specimen plane. 

By. analogy with [7], the resul ts  of the experiments (Figs. 5 and 6, 1 - AmG6, 2 -  M1) were  approximated 
by curves varying according to the law 

h * = a ~  D * = b ~  fl-~~ (6) 

where a0, b0 a re  constant coefficients.  The experimental  resul ts  obtained in the case of cylindrical  aluminum 
impaetors  for 3 - 1 2 - k m / s e c  collision velocities agree  best with the analytical expressions (6) for  values of the 
approximation coefficients:  For  specimens f rom the mater ia l  AmG6 - a  0 =0.75 (sec/m)2/3, b0=2.75 (see/m)2/3, 
f rom copper M ] - a 0 = 0.45 (sec/m)2/~, b 0 = ] .7 (sec/m)2/3. 

Therefore ,  the analytical expressions (6) with appropriate values of the approximation coefficients can be 
used for  both spherical  [7] and cylindrical  impactors .  

By using e lect romagnet ic  acce le ra to r s  of conductors,  the modeling of a collision between s t ructural  mate -  
r ials  and compact bodies of cylindrical  shape is possible for velocities exceeding 10 k in /see .  For  velocities 
g rea t e r  than 3 k m / s e c  and the conductor length l > 3d0 extension of the resul ts  of collisions with cylindrical  
bodies to spherical  impactors  is possible by converting the approximate coefficients a 0 and b 0. 

APPENDIX 

To examine the combined action of surface and volume sources ,  we f i rs t  find the t empera tu re  field with- 
out taking account of conductor evaporation.  Considering the t empera tu re  one-dimensional and neglecting heat 
exchange with the environment,  we write the heat-conduction equation and boundary conditions in the form 

OT/Ot = aO~T/Ox ~ ~ (w0/c7)(l ~ ~T); (A1) 

q = )~Or(l, t)/Ot, (A2) 
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where  w 0 =j2p, q = lju~I a re ,  respec t ive ly ,  the volume and surface  source  powers;  j, current  density; P0, initial 
u 

value of the specific res i s tance ;  U0, equivalent nea r - e l ec t rode  voltage drop; a ,  t em p e ra tu r e  coefficient of r e -  
sistivity; c, % a~ and ~, respect ively ,  the speci f icheat ,  density, thermal  diffusivity, and heat conduction; l, coordinate  
of the conductor boundary.  

To eliminate differential  operations with respec t  to the t ime,  we apply the Laplace integral  t r a n s f o r m  
to (A1) and (A2) [8]. Then the t r ans fo rmed  equation for the t r an s fo rm s  has the following form in the case  of 
constancy of the cur ren t  density:  

d~T(s)/dx: -]- T(s)(Wo~/~,- s/a) -{- wo/s~, -{- To/(Z = 0. (A3) 

The solution of (A3) that is symmet r i c  re la t ive  to the origin and with the boundary condition taken into 
account has the fo rm 

( /  . . . . .  .)  
qch x ~'-- i~ u~ ~ To 

w ~  sh l s WoCZ s~, $ -  

We apply the inverse  Laplace t r a n s f o r m  to (A4). Making the change of var iable  p = s - a  1 and expanding 
the function [sinh (bSp)] -1 in a s e r i e s  of exponential functions [8], we obtain by using the convolution theorem 

t 

T(x,t)= ql/a ~exp(al~)n~ (exp [ ((2n-- :2~-- , ) ' ]  + e x p [  ((2n--t)l-bx)2]}dT+-~[exp(a,t)_t]+Toexp(a,t), (A5) 

where a, = w0a/ey, b, = I/V-a. 

The first term in (A5) determines the combined action of the surface and volume heat sources. Com- 

putations for parameters characteristic for the process of conductor acceleration in a pulsed magnetic field 

show that the zone of combined im~luence can be taken equal to 2r an acceptable error (10-20%) for 
computations of the acce le ra t ion  reg ime .  

l e  

2. 

3. 

4. 

5 .  

6. 

7. 

8. 

L I T E R A T U R E  C I T E D  

V. F. Agarkov, V. N. Bondaletov, et al.,  "Accelerat ion of conductors to hypersonic  velocit ies in a pulsed 
magnetic field, w Zh. Pr iM. Mekh~ Tekh. Fiz. ,  No. 3 (1974). 
K. B. Abramova, N. A. Zlatin, and B. P.  Peregud,  "Magnet .hydrodynamic instabil i t ies of liquid and solid 
conductors .  Destruct ion of conductors by an e lec t r i c  cu r r en t , "  Zh. Eksp. Teor .  Fiz . ,  69, No. 6(12) (1975). 
G. V. Butkevich, G. S. Belin, N. A. Vedeshenkov, and M. A. Zharovonkov, Elec t r ica l  Eros ion  of High- 
Cur ren t  Contacts and Elec t rodes  [in Russian], t~nergiya, Moscow (1978). 
Yu. V. Afanas 'ev and O. N. Krokhin, "High- tempera ture  and plasma phenomena occurr ing during in te r -  
action between powerful l a s e r  radiat ion and a substance,"  in: Physics  of High Energy Densit ies [Russian 
t ranslat ion] ,  Mir,  Moscow (1974). 
S. I. Anisimov, Ya. A. Imas, G. S. Romanov, and Yu. V. Khodyko, Action of High Power Radiation on 
Metals [in Russian], Nauka, Moscow (1970). 
N. A. Zlatin, Ao P.  Kras i l ' shchikov,  G. I. Mishin, and N. N. Pop,v ,  Ballist ic Installations and Their  Appli- 
cation in Exper imental  Investigations [in Russian], Nauka, Moscow (1974). 
J. Gering, "High-velocity impact f rom the engineering viewpoint," High-Velocity Impact Phenomena 
[Russian t ranslat ion] ,  Mir,  Moscow (1973). 
A. V. Lykov, Theory  of Heat Conduction [in Russian], Vysshaya Shkola, Moscow {1967). 

621 


