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In r ecen t  y e a r s  the two-s tage  light gas ba l l i s t i c  appara tus  with deformable  plas t ic  pistons 
has become  wide ly  used in exper imen ta l  ae rodynamics .  The exis t ing  methods of calcula t ing 
such devices  e i ther  comple te ly  neglect  f r ic t ion  of the piston On the channel wall  [1-3] or  use  
a schemat iza t ion  of the f r ic t ional  fo rces  [4-6], which does not have a s a t i s f ac to ry  physical  
bas i s .  In a number  of  studies [7, 8] the f r ic t ion force  was cons idered  constant ,  and its 
value was speci f ied  not f r o m  physica l  cons idera t ions ,  but to produce the bes t  a g r e e m e n t  be -  
tween calcula ted and exper imen ta l  values  of  object  ve loc i ty  or  dr iv ing gas p r e s s u r e .  Since 
fr ic t ion is such a s ignif icant  fac tor ,  its p roper  cons idera t ion  in calcula t ing piston motion 
p a r a m e t e r s  r e q u i r e s  spec ia l  study. In this connection,  it is useful to cons ider  the o p e r a t i o n  
of only the f i r s t  s tage  of the bal l i s t ic  appa ra tus ,  which se ts  the piston in motion. Belowwe 
will cons ider  the p r o b l e m  of the in ternal  ba l l i s t i c s  of a one - s t age  powder -d r iven  appara tus  
in the column channel of which a piston made of po lymer  m a t e r i a l  moves ,  exper ienc ing  f r i c -  
tion. The f r ic t ion model  is cons t ruc ted  on the bas i s  of a s e r i e s  of expe r imen t s  on the slow 
forc ing  of po lymer  spec imens  c o m p r e s s e d  in the longitudinal d i rec t ion through a s tee l  chan-  
nel. An exper imen ta l  s tudy was made of the re la t ionsh ip  between the gunpowder gas p r e s -  
su re  and t ime  within a constant  volume c h a m b e r ,  allowing es tab l i shment  of the t rue  powder -  
burning law, and its deviation f r o m  the geomet r i c  law of [9]. Calculated and exper imen ta l  
values  of  m a x i m u m  gas p r e s s u r e  and muzz le  ve loc i ty  of  a polyethylene piston a r e  c o m -  
pared.  

1. Since no informat ion is ava i lab le  on the c h a r a c t e r  of the f r ic t ion between solid po lymer s  and a m e t a l -  
lic su r face  at contact  p r e s s u r e s  of the o rde r  of l0  s N/m s, a s e r i e s  of  expe r imen t s  was p e r f o r m e d  by fo rc ing  
longitudinally c o m p r e s s e d  po lymer  spec imens  through a cy l indr ica l  s tee l  channel. Fr ic t ion  fo rces  were  m e a -  
su red  at v e r y  low spec imen  ve loc i t ies  (10 -4-10  -3 m / s e c ) .  The channel  su r face  was finished to a point where  
the height of nonuniformit ies  did not exceed 1.5" 10 - ~ m .  Uncer ta in ty  in m e a s u r e m e n t  of  the spec imen  axial  
c o m p r e s s i o n  force  F 0 and the f r ic t ion  force  F did not exceed 25 and 10 N, r e spec t ive ly .  The spec imens  were  
p r e p a r e d  f r o m  high p r e s s u r e  polyethylene and caprolon.  Exper iments  were  p e r f o r m e d  with spec imens  of 
var ious  lengths l f r o m  0.5" 10 -2~  10 -s  to 4.0" 10 -2§  10 - s m  in channels  with d i a m e t e r s  d f r o m  0.8- 10-2~-10 -s  
to 3.4" 10 -3=~ 10 - s m .  
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T A B L E 1  
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Piston friction on 
column channel 
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N �9 see/m z 

4 Experiment 

i 

0,98 0,84i I t,27 
1,22 0,913I 2,13 

J 

0,98 t,18 [ 0,66 
i,22 t,38 1,05 

0 ,98  0,96t- t,55 
t,22 i,07 2,64 

t,52 
2,07 

F i g u r e  1 shows  t y p i c a l  e x p e r i m e n t a l  c u r v e s  of  F = F ( F  0) a t  1/d  = L 7 8  (cu rve  1,  po lye thy l e ne ;  c u r v e  2, 
c a p r o l o n ) .  Two c h a r a c t e r i s t i c  r e g i o n s  can  be  s e e n  in the  F ( F  0) c u r v e s .  In t he  f i r s t  o f  t h e s e  F i n c r e a s e s  in 
p r o p o r t i o n  to  F 0, w h i l e  in the  s e c o n d  F r e m a i n s  c o n s t a n t .  A s  F 0 was  d e c r e a s e d ,  the  F(F0) c u r v e s  had  the  s a m e  
f o r m  a s  found wi th  i n c r e a s i n g  F 0. A d d i t i o n a l  m e a s u r e m e n t s  showed  tha t  the  y i e l d  point  fo r  e x p a n s i o n  a l s o  
c o m p r i s e d  1.1 �9 l 0  T N,  m 2 fo r  p o l y e t h y l e n e  and 9.2 �9 10 ~ N" m 2 fo r  c a p r o l o n .  

2. In c a l c u l a t i n g  the  m o t i o n ,  wave  p r o c e s s e s  in the  p i s t on  body  m a y  be  i g n o r e d .  Due to the  low c o m p r e s -  
s i b i l i t y  of  p o l y m e r  m a t e r i a l s  [101, we wi l l  a s s u m e  the p i s t on  to be  i n c o m p r e s s i b l e .  Th i s  m e a n s  tha t  a l l  o f  i t s  
e l e m e n t s  m o v e  wi th  i d e n t i c a l  v e l o c i t y .  A s s u m i n g  tha t  n o r m a l  s t r e s s e s  in the  p i s t on  c r o s s  s e c t i o n s  a r e  d i s -  
t r i b u t e d  u n i f o r m l y ,  we f ind the  equa t ion  of  i t s  m o t i o n  in the f o r m  

d a .  43 v . (2.1) 
d-~ "~ " d - F ~  "[- 9a = O, 

w h e r e  p is  the  d e n s i t y  o f  the  p i s t o n  m a t e r i a l ;  v and a ,  i t s  v e l o c i t y  and  a c c e l e r a t i o n ;  a ,  n o r m a l  a x i a l  s t r e s s ;  
x ,  a x i a l  c o o r d i n a t e ;  d, p i s t o n  d i a m e t e r .  The  b o u n d a r y  c o n d i t i o n s  fo r  Eq. (2.1) have  the f o r m  

(~(x~, t ) =  p~(t), a(x 2, t ) =  p~(t)  (2.2) 

(x 1 and x 2 = x l  + l , c o o r d i n a t e s  of  the  p i s t o n  f ace  s e c t i o n s ;  Pl and  P2, p r e s s u r e s  at  the  f a c e s ;  l ,  p i s t on  length) .  
F o r  each  m o m e n t  o f  t i m e  Eq. (2.1) wi th  c o n s i d e r a t i o n  of  Eq. (2.2) d e t e r m i n e s  the  d i s t r i b u t i o n  o f  cr o v e r  p i s t on  
l eng th .  F r o m  the  a d d i t i o n a l  . a s s u m p t i o n  o f  e l a s t i c  d e f o r m a b i l i t y  o f  the  p i s ton  m a t e r i a l  t o g e t h e r  wi th  i t s  i n c o m -  
p r e s s i b i l i t y ,  it fo l lows  tha t  the  p i s t o n  p r e s s u r e  on the channe l  w a l l  in each  s e c t i o n  c o i n c i d e s  wi th  the  c o r r e -  
s p o n d i n g  a x i a l  n o r m a l  s t r e s s  ~,. 

The  r e s u l t s  of  f r i c t i o n  f o r c e  m e a s u r e m e n t s  p e r m i t  the  a s s u m p t i o n  tha t  fo r  ~ < Pc the  d r y  (Coulomb) f r i c -  
t ion  law 

"c = ka (2.3) 

is  v a l i d ,  w h e r e  k is  the  f r i c t i o n  c o e f f i c i e n t ,  w h i l e  for  ~ ->Pc the  f r i c t i o n  s t r e s s  r e m a i n s  c o n s t a n t  

"~ = "% = kp~. (2.4) 

F o r  p l <  Pc (i =1,  2) Eq. (2.3) is  fu l f i l l ed  o v e r  the  e n t i r e  l a t e r a l  s u r f a c e  of  the  p i s ton ,  and the  s o l u t i o n s  of  
Eq. (2.1) has  t he  f o r m  

a --  pa exp (-- bx) 
b ~- (Pl -- P2) exp (-- bxl) --  exp (-- bx2)" 

whi l e  the  p i s t o n  a c c e l e r a t i o n  i s  g iven  b y  

a =  b Pl exp (-- bl)-- P2 
p t --  exp (-- bl) 

b -  4kv (2.5) 
d Iv] ' 

(2.6) 

I n t e g r a t i n g  the  s t r e s s  ~- o v e r  the  l a t e r a l  p i s t o n  s u r f a c e ,  for  the  net  f r i c t i o n  f o r c e  F we f ind  

p~ exp (-- bl) -- p~ v 
F = T  P l - - P 2 - - b l  ~--e-'~--(----~l~ ~ "  

(2.7) 
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In the ease  where bl<<l, 

F = gdlk  pl 4- p~ v 
2 Iv I" 

For PI->Pc (i =1, 2) the fr ict ion s t r e s s  is constant  and equal to ~c over  the entire la tera l  surface  of the 
piston. In this c a s e  

/4To v 
= P l  - -  ~ -  ~ '~ + pa)(x - - X l )  , 

a _ p l - - p ~  4To v 
pl pd [ v [' 

(2.8) 

and the fr ict ion force is given by the formula  

F = adl'%. (2.9) 

If pl _> PC, and p~ < Pc, on the portion of the la tera l  piston sur face  where x 1 _< x -<Xc Eq. (2.4) ls satisfied,  
while in the remain ing  a rea  (x c < x_<x~), Eq. (2.3) ts satisfied. Then f rom Eqs. (2.5), (2.8) we have a t r a n s -  
cendental equation for a 

pa 
P2 + ~ -  p ,  - -  po 

In p----~ pa -~ bl -- 0, (2.10) 
Po + -5- Pc + --g- 

and to determine the coordinate of the point where the fr ict ion laws change, we have the formula  

(4 o• )-1 
x c = x l @ ( P l - - P c ) ~  d {vl ~-9a . 

For Pl < Pc and p2>pc ,  we obtain the analogous re la t ionships  

P_L 
lnP~+ :a + P2+Pc pa + bl=O. 

Pl + - ~ -  Pc + "7- 

nd2 ~ F We note that the formulas  for accelera t ion obtained above lose their sense for v =0 and [ P l -  P~ -~--~ 
and must  be rep laced  by the condition a = 0. 

In  p rocess ing  the experimental  data presented in See. 1, Eqs. (2.7), (2.9) were  used with considerat ion of 
the condition a = 0 and  the obvious relat ionships 

4 (F + F0) 4Fo 
Pl ~-~ ~d 2 , P2 -- ad 2- 

Then the f i rs t  section of the F = F(F 0) curve is descr ibed by the equation 

. [ @l _ i). (2.11) F = r 0 (.exp 7 

In the second section, where the fr ict ion force  is constant  , 

F = ~dl'%. (2.12) 

By p rocess ing  the experimental  data with Eqs. (2.11), (2.12) the following values were  obtained for the 
constants defining the fr ict ion:  polyethylene, k =0.054, Pc =0.19.108 N /m 2, ~c = 1.36- 106 H/m2; caprolon,  
k = 0.025, Pc = 1.17 • 10 ~ N /m 2, T C =3.1" 10 s N /m 2. For each specimen the uncer ta inty in determining the coef-  
ficient of fr ict ion k and the value of Pc did not exceed 10%, while the uncer ta inty  in ~c was less  than 2.5%. 
Scat ter ing in k, Pc, and ~'c values for var ious  polyethylene specimens  did not exceed 10% on the average,  at a 
confidence level of 0.9. For the caprolon specimens the k value sca t t e r ing  was also 10%, while Pc and TC 
sca t te r ing  reached  15%. 

The resul t s  obtained confirmed the validity of Gr igoryan ' s  hypothesis [11] that fr ict ion s t r ess  at the con-  
tact  point of solid bodies (rocks,  soi ls ,  snow avalanches,  g lac iers ,  etc.) is l imited by the shear  s t rength of the 
weaker  mater ia l .  As follows f rom Fig. 1, for p r e s s u r e s  exceeding the yield point the fr ict ion s t r e s s  at the 
point of contact  with the channel wall r ema ins  constant.  The significantly different charac te r  of the fr ict ion 
pai rs  Of mater ia l s  studied in [11] and those descr ibed above permits  us to consider  the new friction law valid 
for all cases  of slippage of one (weaker) mater ia l  over  the sur face  of another (stronger) mater ia l .  
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3. In o rde r  to determine the t rue powder combustion law, an experimental  study was made of the t ime 
dependence of p r e s s u r e  in a constant  volume chamber  with piezoelectr ic  and c rusher  gauge p r e s s u r e  sensors  
installed. 

The powder used in the experiments  was in the fo rm of cyl indrical  grains with seven channels and 
double a rch  thickness of 0 .4 .10  -3 m. A typical  pressure,  ose i l logram is shown in Fig. 2 (p-axis,  scale  0 .79.10 ~ 
N/m2/division; t axis,  2.26 msec/divis ion) .  Measurement  uncer ta inty was not grea ter  than 3% at an 0.9 con- 
fidence level. Divergence between indications of the piezoelect r ic  and c rushe r  sensors  at maximum p re s su re  
did not exceed 4%. 

In accordance  with [9], the p re s su re  osc i l logram was used to obtain information o n t h e  actual p rocess  
of gas format ion during powder combust ion in a closed volume. Using the maximum p re s su re  values p~ and 
p~for two different powder charge  weights w t and co 2, the powder-gas covolume a = 1 .1 .10  -4 m3/N and the pow- 
der force  f = 1.3 �9 10 "~ m were  determined.  The values r = 0.254 N and w z = 0.44 N were  chosen so that the 
values p~= 1 .04 .10  ~ N / m  2 and p ~ =  1 .91.10 R N /m 2 corresponded to the p r e s s u r e  range in the ball ist ic apparatus 
powder chamber .  In determining the values of p*,  the decrease  in p r e s su re  produced by heat t r ans fe r  to the 
chamber  walls was considered.  The values of a and f thus determined were  then used to determine the de- 

pendence of re la t ive  weight f ract ion of Combusted powder ~I, on t ime t and the function F---- ! d~, which de-  
p d t '  

sc r ibes  the gas format ion process .  Figure 3 shows values of the function F, obtained for two different r a r e f a c -  
tion densit ies r 103 and 1.24" 103 N /m s (points 1 and 2, respect ively) ,  where W 0 is the Chamber 
volume. Although the powder grain fo rm cor responds  to a p rogress ive  combustion law, it is evident that the 
r ea l  combust ion p rocess  occurs  digress ively .  The function F can be approximated by 

r = A a (i --  ~)a, ,  (3.1) 

where A3=0.41- 10 -5 m2/N . see (curve  3), A3=0.35- 10 -'~ m2/N �9 sec (curve 4), and An=0.4. Comparing Eq. (3.1) 
with the formula  for a geometr ic  powder-combustion law with a l inear dependence of combustion r a t e  on p re s -  
sure  F = ~t~f/I (where ~ is a constant dependent on grain form,  ~f is the re la t ive  a rea  of the burning powder 
sur face ,  and I is the total momentum of the powder gas p r e s s u r e  over the entire combustion t ime interval) we 
obtain af  = (1 -~I,)A~, A~ = ~t/I. F r o m  this it follows that for the r ea l  combustion process  employed in the ex- 
per iments  with seven-channel  powder, we can introduce an effective momentum value, which at ~ =  0.72 com-  
pr i ses  I=  (0.175-0.205) • 10~ H- s e c / m  2. At the same t ime, the value of the total momentum obtained by in- 
tegra t ing p r e s s u r e  over t ime compr i se s  0.53 �9 10 e N- s e c / m  2 with an uncertainty not exceeding 8% at a con- 
fidence level of 0.9. This indicates the significant deviation of the rea l  law of powder combustion in a closed 
volume f rom the geometr ic  law. 

4. In calculat ing the f i r s t  s tage of the ball ist ic apparatus,  a d iagram of which is presented in [1, 2], a 
gas format ion law in the fo rm of Eq. (3.1) was used. In addition it was assumed that co/rag_<1 (where m is the 
piston mass  and g is the accelera t ion of f ree  fall). This then permi ts  use of the thermodynamic approximation 
[121. 

The gasdynamic p roces se s  in the powder gases a re  descr ibed in dimensionless  variables  by the following 
sys t em of equations: 

dry d p 
dt - -  p (t -- w)A,, ~ = 

d T  
[ h l ~ [ l  ~:- (h2--  h~) h l l p ]  - -  YPV 

i --i--4-,~-h--ZWz-h~--iTi-:-~ , ,V<~, 
_ ypv __ W ~ 4 

�9 I + x~ - -  h 2'  - -  "" 

The piston motion for the case  Pl < Pc and p2=0 is descr ibed by Eq. (2.6), which in dimensionless var iables  has 
the fo rm 

v ~ d x j / d t ,  d v / d t  = h ~ p k [ e x p  ( 4 k l / d )  -- I]-I,  (4.2) 

where ,  accord ing  to [5], Pl =p(1 +k~.w/mg) -1. 

For  Pl---> T c / k = P e ,  if we solve Eq. (2.10) for Pl and differentiate the expression obtained with r e spec t  to 
t ime, with considerat ion of Eq. (4.1) we obtain 

dp 
dx 1 dv da hTa " ~ ( l  ~- k](o/mg) - I  

v ---- --d-t' a - -  d t  ' d t  = 1 + h~ [h:~ -- in (I + l l a h 6 )  ] " (4.3) 
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The initial conditions for the system of equations (4.1), (4.2) have the form 

(i  - h . )  (Pt  - t )  ( 4 . 4 )  
t = O, x 1 = O, v = O, p = P l ,  1F = hi + (h2 - -  h,)  ( p t - - l ) "  

For system (4.1), (4.3) for initial conditions we use the values of the dimensionless parameters  obtained by 
solution of Eqs. (4.1), (4.2) for pl=pc. 

In Eqs. (4.1)-(4.4) the following notation is used for the dimensionless quantities: PoP, pressure;  tot , 
t ime,  xlL1 , coordinate of back face of piston; vLl/t0, piston velocity; aLl/t02, piston acceleration; to= (P0A~)-l; 
L1, length of powder chamber; L2, length of apparatus column; P0, initial pressure  in chamber; P0Pf, dr ivepres -  
sure on piston; PoTc, maximum friction s t ress .  Moreover, in these equations we have the dimensionless 
parameters  

h i  = / O g p o W o ,  h~ = (zco/Wo,  h a = ~ol6Wo,  L J L D  

p d L  1 bd h4 __ 4 (i + k1(~/mg) - 1  h 5 = bl ,  h6 ~ 2 ' h7 ~ ' 
P o L t d p A  2 4T c ' 4toPo,~c 

the adiabatic index of the powder gases 7 and the coefficient k 1 = 0.5. 

Numerical calculations performed on a computer for an experimental apparatus with a polyethylene 
piston (L1=0.432 m; L2=5.45 m, d=0.034 m; l =0.228 m, m=0.204 kg; P0=10a N/m2; p0pf=5 �9 106 N/m2). The 
powder charge had the following values of constants: w 1 =0.98 N; ~02=1.22 N; ~i =0.157" l0 s N/m3; T =1.2; a =  
1.1 �9 10 -4 m3/N; f = l . 3 . 1 0  '~ m; A8=0.41 �9 10 -'~ m2/N �9 sec; A~=0.4. 

Table 1 presents the resul ts  of calculations of maximum powder gas pressure  p* and piston muzzle 
velocity v* for various assumptions as to piston friction and powder combustion. Also shown are  values of p* 
measured with the aid of the apparatus described in Section 3, and v* values measured by the photoelectric 
system of [13] with uncertainty not greater  than 0.15%. 

The calculated p * values obtained with the piston friction model developed above and the actual powder- 
combustion law differ f rom experiment by 3 and 19%. Since the p ressure  value is extremely sensitive to the 
form of the powder combustion and piston friction laws, such agreement between calculated and experimental 
p*  values should be considered satisfactory.  At the same time, the experimental v* values are  15 and 22% 
above the calculated ones. This is evidently related to the fact that the maximum value of friction s t ress  de- 
c reases  with increase in velocity. This affects the value of p* more weakly, since the maximum 0ressure  in 
the gas is attained during the initial stage of piston motion (at xlL 1 ~0.24 m and tot ~ 2 . 7 . 1 0 -  sec)*, while the 
velocity is still low. However, the presently available information on high velocity friction of polymers against 
steel [14] is insufficient for ref inement of the ballistic apparatus calculations. This question will require  
special separate study. 

With the actual powder-combustion law and the absence of friction, the calculated v* value is 23% higher 
than the experimental,  while p ressure  is 2.0-2.3 t imes lower than that determined in experiment. These results 
show clear ly  that piston friction has a significant effect on the internal ballistics and must be considered in 
calculations. 

To estimate the applicability of the geometric combustion law for a variable volume, a ser ies  of calcula- 
tions were performed with consideration of friction at various values of I. The value I= 0.215" 106 N" s e c / m  2 
(Table 1, row 3) was found to give the best agreement between experimental p* and v* values. This value dif- 
fers  greatly f rom the total momentum I=0.53" 106 N" sec /m 2, i.e., the geometric combustion law is not satisfied 
for the type of powder used in the experiments. 

The authors express their gratitude to S. S. Gi-igoryan for his interest  in the study and valuable advice, 
and to G. N. Suntsov for aid in performing the  experimental studies. 
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S T R U C T U R E  O F  T H E  P O T E N T I A L  B A R R I E R  

A T  A M E T A L  B O U N D A R Y  

A. A.  P o r o t n i k o v  a n d  B.  B.  P o d n e v i c h  UDC 537.581 

In [1] the pecul iar i t ies  of autoelect ronic  emiss ion in an arc  discharge plasma ( F - P  emission) 
connected with nonl inear i ty  in the potential change in the preeathode region were  considered;  it 
was shown that in the case  where  the negative e lect ron charge density in the preeathode layer  
can be neglected,  the cu r r en t  density of F - P  emiss ion can differ by m o re  than an o rde r  of mag-  
nitude f r om autoe lec t ronic  emiss ion cu r r en t  density in a vacuum, as obtained with the Nord- 
h e l m - F o w l e r  express ion.  For the case  where the precathode potential drop V e is equal to the 
cathode work function ~p, the modulus of the logar i thm of the potential b a r r i e r  t r anspa rency  in- 
c r e a se s  by 20% and the emiss ion  cu r ren t  density can d ec r ea se  by a significant amount. An 
analogous change in cu r r en t  density can occur  with other  ra t ios  between the quantities V c and 
~p. In the presen t  s tudy we will consider  these questions in g rea te r  detail  for  cases  in which 
the negative space  charge density cannot be neglected. 

The potential  distr ibution in the precathode region of an a rc  discharge can be obtained f rom the solution 
of the Poisson equation with the Langmui r -Maeo w an  assumptions 

+ ,]}, (1) 

where M is the atomic weight of the ion, e is the charge of the e lec t ron,  Ji is the ion cur ren t  densi ty at the 
cathode, Je is the e lec t ron  cu r r en t  density at the cathode, q=(]e/]i) ~ m / M .  

Following [1] we will consider  two cases .  

1. For  V c___~p the express ion  for potential  b a r r i e r  t r anspa rency  Q is wri t ten in the fo rm 
X2 

Q F - ,  = !" |~' of' - -  e / 4 x - - V  (x)dx, (2) 
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