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Technological  p r o c e s s e s  and expe r imen ta l  r e s e a r c h  involving the detonation of explosives  
mus t  ensure  the containment  of the detonation products ,  the safety  of personnel ,  and the 
p ro tec t ion  of equipment.  Frequent ly  the t e s t  conditions impose  rigid r equ i remen t s  on the 
s ize  and weight of the ve s s e l s  designed to local ize  the effect  of pulsed loads of var ious  kinds. 
P r e s s u r e  v e s s e l s  fo r  opera t ion  under  s ta t ic  loads, where  the control l ing p a r a m e t e r  is the 
p r e s s u r e ,  a r e  commonly  of m u l t i l a y e r  const ruct ion.  As a consequence of the stopping of 
c r a c k s  in the s epa ra t e  l aye r s  [1, 2] this cons t ruc t ion  can inc rease  the level  of the working 
p r e s s u r e  and aver t  the ca tas t roph ic  rup tu re  of the whole s t ruc tu re .  It is of in te res t  to in-  
ves t iga te  the behav io r  of m u l t i l a y e r  shel ls  under  pulsed loads of var ious  duration.  

We have invest igated the effect of an in ternal  explosion on closed cyl indr ica l  ve s se l s  with an outside 
radius  R 0 and a t5tal  wall  th ickness  6 o (Fig. 1) filled with a i r  at normal  a tmospher i c  p r e s s u r e .  

The d i f ference  in durat ion of the pulsed loading was achieved by different  schemes  for  loading the vesse i  
wai ls .  In the f i r s t  c a se  (Fig. la) the ves se l  walls  we re  loaded by detonation products ,  and in the second (Fig. 
lb) by the impac t  of a thin auxi l ia ry  shell  3 acce le ra t ed  by the detonation products .  

The ves se l s  we re  made  of Khl8N10T austeni t ic  s ta in less  s teel  (as received)  and had the s a m e  g e o m e t r y  
but differed in the design of the cas ing 1. A s ing l e - l aye r  cas ing was made  of tubular  s tock (GOST 5632-61) 
and had one welded joint along a gene ra to r  of the cyl inder .  The casing was joined to a s e a m l e s s  co re  2 of 
th ickness  6' = 2 m m  (Fig. 1) with no gap between them.  A mu l t i l aye r  cas ing was made  by winding five l aye r s  
of m i l l i m e t e r  shee t  (1 GOST 3680-71) of width 4R 0 onto the co re  as in [1] with negligible c l ea r ance  between 
l aye r s ;  the inside and outside ends of the sheet  we re  welded. The cove r s  of the ves se l s  4 were  attached with 
t~'elve M 16 bol ts .  The initial  mechan ica l  p r o p e r t i e s  of the m a t e r i a l s  of the s i n g l e - l a y e r  and mul t i l aye r  c a s -  
ings de te rmined  on s am p l e s  of identical  d imensions  under  s teady tension at a s t r a in  ra te  of 5 �9 10-~/sec a re  
l i s ted in Table  1. 

A spher i ca l  explosive  cha rge  of radius  r (50 wt. % TNT, 50 wt. % hexogen, densi ty  1.65 g / c m  ~) wasp l aced  
at the c en t e r  of the vesse l .  The cha rge  was f i red f r o m  the cen te r .  All the expe r imen t s  were  p e r f o r m e d  at 
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TABLE 1 

Material 

KhI8NIOT 
Single-layer 

casing 
Khl8N10T 
Multilayer 

casing 

Yield [ Tensile 
point [strength 
as(0.2), l ob ,  
kgf/mrna [kgf/mm2 

4t 65 

34 69 

Rel. elon- 
gation 
6O]o 

40 

40 

a 

t 
[ 
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b 

Fig .  2 

t e m p e r a t u r e s  between 2 and 18~ in v e s s e l s  which had not been  loaded p rev ious ly .  The n e a r e s t  values  of the  
m a s s  m of the cha rge s  for  which the v e s s e l s  were  rup tu red  and not ruptured  we re  de t e rmined .  A v e s s e l  was 
cons ide red  rup tured  if a t  l e a s t  one through c r a c k  was obse rved  in i ts  wal l s  a f te r  the exper imen t .  

A photographic  r eco rd ing  method [3] was used to inves t iga te  the t ime  dependence of the r a d i a l  d e f o r m a -  
t ion of the  cen t r a l  c r o s s  sec t ion  of a ve s se l ,  the plane p e r p e n d i c u l a r  to the axis  of the v e s s e l  pas s ing  through 
the cen t e r  of the explos ive  charge .  A typ ica l  photograph taken  by the m ov i ng - i m a ge  c a m e r a  is shown in Fig.  
2 (t2=230 psec ,  AR2= 16 ram, expe r imen t  4, Table  2). In addit ion,  the f inal  de fo rmat ion  of the v e s s e l s  was 
r eco rded  by coord ina te  g r i d s  drawn on t h e i r  ou te r  s u r f a c e s .  The following quant i t ies  we re  de t e rmined  in the 
expe r imen t s :  The t i m e r  1 f r o m t h e  beginning of the d i sp l acemen t  of the ve s se l  wal l  to the ins tant  when it r eached  
its max imum veloc i ty  v0; the r ad i a l  s t r a i n  e 1 at t l, where  e=AR/R0 ,  AR=R--R0 ,  and R is the running value of 
the outs ide rad ius  of the  vesse l ;  the t ime  t I f rom the beginning of the d i s p l a c e m e n t  of the v e s s e l  wall  to the 
ins tant  it s topped moving o r  was ruptured ;  the r a d i a l  s t r a i n  e 2 at t 2. When the v e s s e l  was rup tured  the values  
of e 2 w e r e  de t e rmined  m o r e  accu ra t e ly  by using the coord ina te  g r i d s .  The final r ad ia l  and c i r c u m f e r e n t i a l  
s t r a i n s  in the  cen t r a l  c r o s s  sec t ion  of unruptured  v e s s e l s  de t e rmined  f rom the photographic  r eco rd ing  m e a -  
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surements  and the coordinate gr ids  agreed.  The values of v 0 were  determined by differentiating the exper i -  
men ta l  relat ions between ~R and t. In some experiments  the periods T of radial  vibrations of the vessels  were  
determined also. 

The e r r o r  in the measu remen t s  of the t ime intervals was est imated as +3 psec ,  and that of the absolute 
displacements  AR as + 0.5 ram. The e r r o r s  in the determinat ion of the other  quantities were  the following: 
T, • v 0, +10%~ t I and et, +15%; t 2 and e 2, ~5% when the vesse ls  were  not ruptured,  and +10% when the 
vesse ls  were  ruptured.  

The experimental  resul ts  a re  shown in Table 2. The quantity ~ m e a s u r e s  the energy of the explosive 
charge  which is absorbed by the vessel  walls in the region of the central  c ro s s  section.  As in [3] r is defined 
as the rat io of the kinetic energy of a spherical  l aye r  of the mater ia l  of the vessel  of radius R 0 and thickness 
60 moving with velocity v0, to the energy of the explosive charge.  

Figure 3 shows the experimental  relat ions between AR and t obtained in identical experiments by scheme 
A; the numbers  on the curves  correspond to the numbers  of the experiments  in Table 2. Figure 4 shows the 
external  form of a vessel  with a mul t i layer  casing after  experiment 9, and par ts  of the t r a n s v e r s e  c ros s  sec -  
tion in the centra l  sect ion of this vessel ,  i l lustrat ing the nature of the fai lure (m =J20 g). Figure  5 shows a 
fourfold enlargement  of cleavage failure in a s ing le - l aye r  casing after  experiment 6 with scheme B. 

According to [4, 5] the duration of the p r e s s u r e  pulse in the forward wave for  the values of r / R  0 used in 
loading the vesse ls  by scheme A is ~'A ~ 100 psec.  

When the vessels  were  loaded by scheme B the duration of the p r e s s u r e  pulse v B ~ 0.5 ~see was taken as 
twice the t ime for the shock wave to t r a v e r s e  the thickness of the auxil iary shell which collides with the vessel  
wall. 

We note that VA>>60/c and VB< 6o/C, where c is the speed of sound in the vessel  casing.  
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Fig. 5 

When the vesse ls  were  loaded by scheme A the walls were  accelerated for a t ime t I ~ 20 #sec, which is 
commensura t e  with the t ime t 2. After  reaching the velocity v 0 the vessel  walls moved radially at a prac t ica l ly  
constant velocity up to t ~80 ~sec, quickly came to rest ,  and then vibrated (Fig. 3). 

When the vesse ls  were  loaded by scheme B the walls acquired an initial velocity v 0 as the resul t  of the 
impact of the shell which was acce lera ted  b y t h e  detonation products.  The shell with R 1 =57 mm and 61 =2ram 
was ruptured di rec t ly  before  it collided with the walls of the vessel  (experiments 11 and 12, Table 2). 

When the shell with R 1 = 29 mm and 61 = 0.3 mm was used, erosion c r a t e r s  1-3 mm deep and 1-4 mm 
ac ross  appeared on the inner  surface  of the vessel  walls. This may indicate the impact of a cloud of fine 
f ragments .  

When the vessels  were  loaded by scheme A the deformations of the one - l aye r  and mul t i layer  casings 
were  of the same nature (Fig. 3) but the casings failed in different ways. In one of the experiments  c racks  
stopped at the boundaries of the mul t i layer  casing (Fig. 4), but a one- layer  ca~ing always failed with the fo r -  
mation of the through c racks .  

In the experiments  cited plast ic deformation was observed in the c e n t r a l p a r t  of the vessels  extending 
about 2R 0 in the axial direction.  Th e p las t ic  deformation of the vessel  walts was e~tirely in the c i r c u m f e r -  
ential direct ion.  Measurements  of the coordinate grids showed no plastic deformation of the vesse l  walls in 
t]he meridional  direction.  

The charge  to rupture  a vessel  in scheme A+was a lmos t  twice as large as tha t  required in scheme B 
(experiments 2, 4, 6, 9). The deformations of the vessels  before rupture when loaded by scheme A w e r e m o r e  
than twice as large  as when loaded by scheme B (experiments 2, 4, 5-9). The decrease  in the mass  of the 
explosive charge  to cause rupture can be related to two fac tors :  

a) the increase  in r with a dec rease  in the gap between the shell and the explosive charge.  For  example, 
in changing f rom scheme A to scheme B for  m = 2 0 3  g, r changes f rom 0.03 (experiment 1) to 0.24 (experi-  
ment 12); 

b) the change in mate r ia l  proper t ies  under large  loads. Thus, according to [6], the relat ive elongation 
of KhlSN10T steel af ter  explosive loading by a p r e s s u r e  of 150- 10~ N/m 2 decreased  to 10-15~. A s imi la r  
effect probably occurs  in our  case  also, since in changing from scheme A to B the p r e s s u r e  in the vesse lwal l s  
increases  substantially.  An auxil iary shell with Rl=57 mm and 61 =2 mm in experiments with scheme B p ro -  
duces a substantial  increase  in the effect of detonation products in the axial direct ion and leads to the sepa ra -  
tion of the covers  for sma l l e r  explosive charges  (experiments 3, 4, and 6, 7). The shell with 6~=0.3 mm did 
not show this effect (experiments 8-10). Under cer ta in  conditions the impact of the auxiliary shell on the vessel  
walls produces  cleavage fai lure in them (experiments 5, 6, Fig. 5). 

One- layer  and mul t i layer  casing show the same dependence of AR on t for ~-A>>60/c (curves 1 and 3, 
Fig. 3) and have approximately the same s t rength (experiments 1-4). The slight difference in the t ime depen- 
dence of AR observed in experiments  with one- layer  and mul t i layer  casings (curves 1 and 3, Fig. 3) is ac -  
counted for  by cer ta in  differences tn their  mater ia l  p roper t ies .  

For  r B < 60/c the nature of the deformation of one- layer  and mul t i layer  casings is essential ly different. 
in a mul t i layer  casing the impulse is imparted mainly to the outer layers  which may be ruptured while the re -  
maining layers  experience sma l l e r  deformations.  A one- layer  casing receives  the whole t ransmi t ted  impulse, 
and in the absence of cleavage the whole casing is deformed.  

Thus, the behavior  of vessels  under internal dynamic loading is very dependent on the pulse duration, 
a~d the substantial  differences between one - l aye r  and mul t i layer  casing must  be taken into account in choosing 
tb,pes of s t ruc tures  and methods for  testing thei r  strength.  
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F O R M A T I O N  O F  S T A G N A N T  Z O N E S  I N  V I S C O P L A S T I C  

M A T E R I A L S  O N  T H E  C O N V E X  A N D  C O N C A V E  P A R T S  

O F  R I G I D  B O U N D A R I E S  

E .  M.  E m e l ' y a n o v  a n d  A .  D .  C h e r u y s h o v  UDC 539.374 

The flow of v i scoplas t ic  med ia  [1] in channels  with pe r tu rbed  boundar ies  has been cons idered  p rev ious ly  
in [2, 3], using the s m a l l - p a r a m e t e r  method,  and the flow in channels of el l ipt ical  c r o s s  s ec t i on  has been 
studied and solved in [4]. 

1. The rheological  r e la t ion  for  a Bingham viscoplas t ic  medium has the fo rm 

(Y~t = ( V 2 k / V e q t e q t  "-]- 2~eU + P~u, 3P = ~ ,  (1.1) 

w h e r e  aij a r e  the components  of the s t r e s s  t ensor ,  eij a r e  the components  of the deformat ion  ra te  t enso r ,  k is 
the yield point, and vl is the v iscos i ty .  

The deformat ion  ra t e  t en s o r  is r e la ted  to the components  of the flow veloci ty vec to r  of  the medium vi 
by Cauchy ' s  equation 

ets = ( t /2)(v~, i  + Vs, w 

In both p r o b l e m s ,  cons idered  in this pape r ,  only the component  of the veloci ty  vec to r  Vz will differ  f rom 
zero ,  and mus t  be sought in  a cyl indr ica l  s y s t e m  of coordina tes  in the fo rm of a s e r i e s  in powers  of the smal l  
p a r a m e t e r  6 

vz(r, ~)!= v~ + ~v'(r, (p) + . . .  

To fo rmula te  the p r o b l e m  in d imens ion less  f o r m  we will r e f e r  the s t r e s s e s  to the yield point k, the 
va r i ab le  lengths to the radius  of the tube R, and the veloci ty to the quantity kR/~?. Then, Eq. (1.1) in t e r m s  
of the d imens ion less  va r i ab l e s  will take the f o r m  

o t j -  (1 + I-1/~)2eu + P~u, 3P = ~l ,  (1.2) 

where  I = 2eijeij .  

We will a s s u m e  that  the med ium adheres  to the su r f ace  at  the r igid boundar ies  of the channels .  In the 
flow regions the components  of the de fo rmat ion  ra te  t e n s o r  

i o i 8 ! v : ~ . ~ _  (1.3) 
~rZ = ~ (V,r -~  ~Vlr ) -[- . . . .  8r : ~ r " ' "  

will d i f fer  f r o m  ze ro .  

Substituting (1.3) into (1.2), we obtain 
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