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SUMMARY 

Stoichiometric mixtures of hydrogen-oxygen at 200, 400, and 600 
psi  initial were detonated at the geometric centre of an 8 in dia 
hemispherical chamber by a very short exploding wire. The deton- 
ation wave in the mixture moves out towards the periphery where it 
can strike a shell of PETN explosive to produce an explosive-driven 

- implosion or  it may be allowed to reflect from the steel surface only, 
without an explosive liner, a s  an implosion wave moving into a highly 
preheated gas. As expected, €or the gas runs only, the shock strength 
increases nonlinearly with initial pressure. For 600 psi initial, a 
shock Mach number, Ms=40, was obtained in a 8 mm dia channel 
filled with air  at 1 torr. The shock decayed to Ms=ll ,  over about 
~ 1 8 0  cm. Blast-wave decay, and viscous and ablative losses un- 
doubtedly cause the high attenuation. 
shock Mach numbers M, rJ 100, using a modest loading of 200 g 
PETN and 200 psi  2H2+02. The small barrel  bore w a s  used to check 
out the limiting case when the facility is used as  a massles-projectile 
hypervelocity launcher o r  shock tube. 
in 8 mm and 25 mm dia channels, using the 8 in dia driver chamber, 
in the near future. 

A numerical analysis predicts 

Explosive runs w i l l  be made 

1. INTRODUCTION 

The controlled generation of strong, symmetrical implosion waves 
in a reusable faciIl'ty by using safe, secondary explosives is described 
in Ref 1. Basically (see Fig l), an 8 in dia hemispherical chamber 
is filled with a mixture of 2H2 + 0 2  to several hundred psi. The mix- 
ture is detonated by a short exploding copper wire (1116 in long x 
0.002 in dia), as shown in Fig 1A, The detonation wave races at 
about 2 .9  krn / sec to impact on a hemispherical shell of PETN 
weighing several hundred grams (2 to 6 mm thick), in order to 

~ 
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detonate it impulsively and simultaneously, and send an implosion 
wave into the highly preheated gas (about 3,000' K) to further heat 
and compress it a s  it collapses and reflects at  the origin, (see 
Fig 1B). 

velocity launcher or a shock tube, (see Fig lC), or for many other 
physical experiments requiring s c a pocket of concentrated high- 
pressure, high - temper atur e gas. v i 4  
this manner have been used to drive plastic projectiles (7. 9 mm dia 
x 7. 9 mm long, that is, 5 /  16 in dia single -calibre cylinders), weigh- 
ing 356 mg, to velocities up to 17, 600 ft/sec. Although numerical 
analyses showed that velocities which a re  factors greater than the 
above should ideally have been achieved, it w a s  concluded that prob- 
lems of projectile integrity and those arising from viscous and 
ablative losses would limit the actual velocities which could be 
obtained,. 

partial differential equations of mass, momentum and energy in 
Lagrangian form, with the aid of equations of state. The set  of 
equations is solved by numerically integrating a se t  of corresponding 
finite difference equations, using a n  artificial viscosity technique, 
subject to prescribed initial and boundary conditions8, 9, for 
hypervelocity launchers and shock tubes. 
It is important to note that the shock tube can be considered a s  a 

special case of the hypervelocity launcher, where the projectile mass 
is reduced to zero, o r  the case of the massless projectile. In view,of 
the actual loss mechanisms that exist to limit'projectile velocity, it w a s  
considered very worthwhile examining the massless projectile case, 
since it does not suffer from pro'ectile disintegration, friction, 

The pocket of gas at the origin can be used as  a driver for a hyper- 

Implosions produced in 

The numerical analyses 5 a  6s consist of solving the set  of nonlinear 

ablation, and leakage problems. 2 
-.. 

2. NUWIERICA L ANA LYSIS 

Both, the hypervelocity launcher and the shock tube have been 
studied analytically, as  noted ,above. The numerical analysis con- 
sists of solving the set  of lossless (no friction, heat transfer or  
ablation) nonlinear partial differential equations of mass, momentum 
and energy, in Lagrangian form, with the aid of the equations of 
state, as follows5; "6: n 

1 1 d R a  
v = P = s  - mass: 

momentum: a U  - = -A a (P + Q) 
at a m  



a 3 

-- a v  - -(P+Q)- 
a E  
at at energy: 

state: E = E(P 1 V), 

for gas mixtures 2H2f02 
and air 

for the explosive, PETN. 

.* The artificial-viscosity pressure , Q, is restricted to compression 7 
, waves only, and is expressed as 

for 3 U  0 ax 
.and Q = 0 

where, A = area of elemental interface 
C = artificial viscosity constant 
m = - 1 PO Ro, mass  per stearadian 

6' 
6 

= 1,2, 3 for planar, cylindrical, and spherical geometries, 
r e spectively Po = initial density ---. 

Ro "initial position of Lagrangian surface 
u = particle velocity 
V = specific volume 
R = radial distance , 
P = pressure 
Q = artificial viscosity pressure 
E = specific interval energy 
t = t i m e  

A x  = zone width in difference scheme 

The system is divided into three-regl'ons--(see Fig 2): the explosive 
PETN, the gas mixture 2Hzf02, and the air  in the channel. 
has its own equation of state. 

Each 
Each region is divided into zones, 

and mass points contaning one half of the mass of two adjacent zones 
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a re  assumed to be at the interface of these zones. 

corresponding finite difference equations, using the artificial vis - 
cosity techni e ub'ect to the prescribed initial and boundary 
conditions e 
the shock over a specified number of zones, avoids treating the 
shock wave discontinuities running through discrete mass  points 
by spreading them over about 3 to 6 zones. 

The two independent variables time and distance a re  represented 
by the number of the cycle, N, in the computational scheme which 
is being calculated, and J, the label assigned to a mass point (Fig 2). 
The finite difference equations can be written as  follows: 

Equations 1 to 5 are  then solved by numerically integrating a set  of 

U s i n g  the artificial viscosity, which spreads s,% 

\. 

'- N+1/2 
Q J - 1 / 2  = o  

N 
The quantity A , represents the area of a particular interface 

1 where DU/Dt is the acceleration of the interface. 
in the artif ical viscosity is related to the usual constant C, by the 
equation C1=C2/4 (for further details see Ref 10). 

The constant C 
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A particular solution is obtained by integratmg tne momentum 
equation, Eq 2, twice, to get new velocities and positions for the 
next time step. From the new position a new specific volume is 
calculated for each zone and a simultaneous solution of the energy 
and state equations, Eqs 8 and 9, gives the new pressure and energy. 
A new time step is then calculated subject to the Courant and the 
artificial viscosity stability conditionslO, and the process is then 
rep e at ed . . .  
During the course of the analysis, several difficulties were found 

to exist near the origin, where there is a discontinuity in going from 
a spherical to a planar geometry. 
origin cannot be considered as one-dimensional, a s  it is actually a 
radially -symmetric, two -dimensional phenomenon. 

when it is applied in the region surrounding the origin. 
geometry this technique is valid only as long as the shock thickness is 
small compared wi th  the radius of the shock, and this condition is 
clearly violated near the origin. 
In addition, there are  very severe zoning problems. The effect of 

a discontinuity on zone mass has been studied and it had been found 

tinutiies in zone mass, particularly at  the interface between the 
2H2+02 mixture and the air. 
between the gas mixture 2Hz-l-02 in the chamber and the air in the 
barrel, at the time when the diaphragm breaks. 
governed by the momentum equation, Eq (7), 

In reality, the flow around the 

I The8 use of the artificial viscosity technique may be strongly criticized 
In the spherical 

- - that to obtain precise results, there should not be significant discon- 

Consider the movement of the interface 

This movement is 

.. 
For a given pressure difference across the interface, the acceler - 

But,. ation depends on the values of the masses m ’ ~ - 1 / 2  and rn 5+1/2. 
due to the very low pressure in the barre1,m ~ + 1 / 2  is very small 
and i s  negligible compared with m 5-112, so that the acceleration of 
the interface is almost invers6ly proportional to the mass of the last  
zone in the chamber. 
impossible to maintain, since the density of the combined gas is very 
high (in some cases N 1. Og/cm3). 
compromise, such that the formation of the planar shock in the channel 
w a s  not instantaneous, and the final velocity was approached exponen- 

tially in a time that depended on the zone mass. 
mass  zone behaves like a projectile. 
the calculations, many more zones must be taken in the highly dense 
gas in order to have continuity in zone mass across the interface 

However, the continuity in zone mass was 

It w a s  therefore necessary to 

That is, the dense 
To improve the precision of 
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of the gases 2H2+02-Air.  
computing time becomes too costly., 

A computed wave-speed diagram of the shock-tube case having a 5/ 16  
in dia (8 mm) launche’r barrel  o r  shock tube channel appears on Fig 3. 
It is seen that for an 8 in dia (20.3 cm) hemispherical driving chamber 
with 2H24-02 at 200 psi (13. 6 atm) initial, a shell of PETN weighing 
200 g,and a counterpressure of air of 1 .0  torr, produces a shock 
velocity of 32.8 kn?/sec, or a shock Mach number of 95. 
is by no means an optimum driving condition and stronger shocks 
could be produced wi th  optimized higher explosive loading (beyond a 
maximum explosive charge, the shock strength w i l l  be decreased by 
wave interactions)(see also Ref eland initial conditions. 

The wave diagram shows some other major features. The deton- 
ation wave in the 2H2-tO2 mixture is initiated instantly at the origin 
( t =0, x = 10 cm). It races at 2. 9 krn/sec to initiate the PETN liner 
when it strikes the surface and reflects a s  a shock to overtake the 
previous shock wave. A single imploding shock wave(as well as 
reflected rarefaction wave and a new contact surface ,the details 
have been omitted on the diagram for simplicity throughout) is 
thereby generated. 
(which is assumed to break instantly) at  the origin station, producing 
a reflected hemispherical shock wave in the driving chamber and 
the primary planar shock wave followed by a contact surface in the 
channel. The process is repeated many times, as shown. However, 
the other shock waves that enter the channelare too slow to overt& e_____ 
the primary shock wave. 
It is of interest to note that the computed results do not show any 

shock wave decay, and the computed pressure profiles (see Fig 4) 
show a uniform flow behind the planar shock wave. In practice there 
is a severe decay probably arising from blast wave effects (indicated 
by the motion reversals of the contact front between the explosive 
gases and the hydrogen-oxygen driver gas after 5 
and ablative losses from t h e  chamber and channe 

The wave motions and the pressure histories in the chamber and 
channel, as a function of time, a re  shown in Fig 4. The reflection of 
the rarefaction wave at the periphery of the chamber and the wave 
motions about the origin are  clearly shown. The development of the 
primary shock wave with time is readily seen and an ideal uniform 
flow appears to develop. Nearly 200 cm of this hot gas is available 
at t = 407pLCsec. However, as noted above this idealization is not 
achieved, 

But, if very fine zones are  used, then the 

The above 

The imploding shock wave strikes the diaphragm 

s), viscous losses, 
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3. EXPERIMENTAL RESULTS 

* -  

-.. 

Some experimental work was done with the actual 8 in dia chamber. 
It w a s  not meant to be an extensive study of the performance of this 
type of shock tube. Ratheqit was aimed to  check the results of the 
computations and t o  give an estimate of the losses, as the computer 
code did not take account of them. However, this preliminary work 
has been extremely helpful in assessing the deficiencies of the code 
and in the design of a new 25 mm dia shock tube that w i l l  not suffer 
from as many viscous effects. 

a stainless steel, high-pressure tube having a 5/16 in (8 mm) 
internal diameter. It was approximately 4 rn long. A stainless- 
steel, scribed diaphragm 0.015 in (0.4 mm) thick, previously 
calibrated, was used to  separate the channel from the hemispherical 
driver near the origin. 

methods. 
(36  crn) apart to detect the arrival of the ionization front. 
were corroborated by using small optical windows and photomultipliers 

was excellent. 
case, as shown on Fig 5, were obtained with a 34.4 Ghz (12 mm 
wave length) microwave Doppler system12. 
sat isfact ory. 

date appears in Fig 5. It shows the maximum average velocities 
and their  decay over a distance from 10 to 225 cm using 200, 400 and 
600 psi 2H2+02 initial into 
It is seen that maximum average velocities of 5.3,  8.2 and 13.7 
km/sec, respectively, a re  obtained near the origin giving shock 
Mach numbers of Ms- 6, 24 and 40. The rate of decay of the 
shock is very high. 
in a distance of about 180 cm, or an average Mach number decay 
rate of approximately AMs/ l .  5/ft. Such high rates of decay 
can be  expected'if we consider the very small diaketer of the 
channel and the prwailing high shock Mach numbers and a detonation 
driver that relies on focussed implosions that can give r i se  to 
several loss mechanisms13. The present results a r e  also in 
reasonable agreement with the recent work of R.ef 14, on the 
Voitenko launcher. 

The results were obtained in an 8 in  dia chamber. The barrel  was 

The velocities of the shocks were measured using three different 
Five ionization probes were placed along the barrel  14  in 

These 

------%*ete.ctthe-luminous front at the same stations. The agreement 
Additional substantiating velocity data fo r  the 400 psi 

The agreement was again 

A summary of the experimental results that have been obtained to 

-1.0 t o r r  air, without explosive liners, 

Fo r  example, it drops from MsN 40 to Msell; 

4. CONCLUSIONS 

Considerable additional work will have to be done in order to  
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evaluate the influence of radiative, convective, ablative and frictional 
losses; to optimize performance ; to assess the future possibilities 
of this unique facility. Nevertheless, when one considers the sophis- 
ticated electrical condenser banks and switching equipment that is 
required even to produce MS- 40 for  electromagnetic drivers, this 
facility offers some worthwhile possibilities, especially with explos- 
ive liners when shock Mach numbers in the hundreds appear possible 
even with low density PETN ( p - 0 . 6  g/cc) and very much greater 
with high-density PETN ( f -  1.5 g/cc). 

The existing facility w i l l  be used in the very near future to extend 
the present results by employing PETN with the 2 H ~ f 0 2  driver into 
8 mm and 25 mm channels with various gas counterpressures. 
much higher shock Mach numbers can be expected. 
numerical analyses w i l l  be done to keep pace with and to  guide the 
exp e rim ent a1 program . 

Very 
At the same time, 
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