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THE DETONATION VELOCITY OF PRESSED TNT* 

M. J. Urizar, E. James, Jr., and L. C, Staith 
Los Alamos Scientific Laboratory- 

University of California 
Los Alamos, New Mexico 

ABSTRACT 

The detonation velocity of pressed TNT has been determined as a 
function of charge diameter at each of a series of loading densities. 
Current theories of the diameter effect are discussed and used to 
compute infinite diameter detonation velocities (D ) and detonation 
reaction zone lengths from the experimental data.  The results for 
the velocity-density dependence may be summarized as follows: 

D^ = I872.7 + 3187.2 P       (0.9 < p < 1.53^2 gm/cc) 

D^ = 6762.5 + 3187.2 (p - 1.53^2) - 25,102 (p - 1.531t2)2 

+ 115,056 (p - 1.53^2)3    (1.53^2 < p < I.636 gm/cc) 

O.he reaction zone lengths computed from the data are a decreas- 
ing function of the charge density and are in good agreement with 
predictions based on the grain-burning model of the reaction zone. 

i.   rrrRODUCTioi.' 

The velocity of detonation is a fundamental and readily measured 
characteristic property of a high explosive, and it has received 
considerable study, both experimental and theoretical. Hienomenolog- 
ically, the detonation velocity of a given explosive depends most 
importantly on the loading density, the size, and the amount and type 
of lateral confinement of the charge. Iheoretical studies of the 
detonation process have shown that the density dependence has a 
thermodynamic origin — specifically, in the nonideality of the 
equation of state of the detonation products at the temperatures 

* This work was performed under the auspices of the U. S. Atonic 
Energy Cctnnlssion. 
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and pressures involved. The remaining two factors have similarly 
heen shown to be related to the kinetics of the reaction which con- 
verts the uhburned explosive to Its detonation products. 

The detonation process ismcxst simply studied theoretically on 
the hasis of an idealized, one-dimensional hydrodynamic model. The 
detonation properties deduced from such a model are independent of 
both the size and confinement of the system (of its kinetics, in fact^ 
and the detonation velocity, in particular, is customarily referred to 
as the infinite diameter, plane-wave velocity.  It Is of importance 
in such studies to have available accurate experimental data on the 
infinite diameter velocities of various explosives, and in this paper 
we present the results of an experimental program whose principal 
objective was to obtain such data on pressed TIIT over the accessible 
range of loading densities. 

It is obvious that to achieve this objective requires some sort 
of an extrapolation from finite charge data.  Our work is based on the 
assumption that the detonation velocity of a finite charge is related 
to the infinite diameter velocity by the equation (l) 

D - D-. Ci - -lir-) • (i) CO 

Here D is the detonation velocity of a cylindrical charge of radius R, 
a is assumed Independent of R (but a function of the explosive, load- 
ing density, and confinement), and  D , as the notation suggests, is 
the infinite diameter velocity.  This equation accurately represents 
our results over the range of charge diameters included in this study. 
Other work done at this Laboratory, both by others and by us^^, indi- 
cates that the equation does not necessarily hold in the region of 
very small charge diameters, and this has recently been verified in 
the case of TOT, in particular, in.a contemporary study of this 
explosive by Stesik and Akimova.^3/ 

The procedure, then, was to determine the detonation velocity as 
a function of charge diameter at each of a series of loading densities. 
The corresponding values of D are then estimated from least square 
fits of equation (l) to the experimental data.  It is obvious that 
this procedure simultaneously provides estimates of the quantity a 
under various conditions, and in the discussion the significance of 
this quantity is discussed in terr.s of current theories of the 
diameter effect. 

ii.   gcgjjRDgaraAL 

A. Explosive 

All the data reported here were obtained with a single lot of 
commercial TOT (2,4,6-trinitrotoluenc) manufaotured in August 19hh 
by the Atlas Powder Company.    Its melting point, as determined from 
a cooling curve, was 80.55oC, and its purity was estimated as 99.6 
mole percent.    The principal impurities are presumed to be the other 
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TNT isomers and the dinitrotoluenes,  as these are usually found in the 
typical coraraercial product.    The re stats of a sieve analysis of the 
granular material, "before pressing,  are given in Table I. 

TABLE  I 

TOT PARTICLE SIZE ANALYSIS 

Cumulative        Differential 
(^ Retained on) {%) 

U.S.   Std Sieve Opening 
Sieve No. (microns) 

1+0 420 
50 300 
70 210 

100 1^9 
120 125 
li+0 105 
200 7^ 
230 62 
325 w 

o.k 
1.6 

11.2 
6o.o 
73.8 
88.6 
96.4 
97.2 
98.1+ 

B.  Charge Preparation 

1.2 
9.6 

1*8.8 
13.8 
ih.B 
7.8 
0.8 
1.2 

All the lov-density charges ('below 1.1+ gm/cc) were prepared and 
fired in 0.2" wall brass tubes, primarily to contain, and prevent 
damage to, the more fragile low-density pressings, but these tubes 
al~ provided confinenent in the detonation velocity measurements, 
reducing the magnitude of the diameter effect and thereby permitting 
a more accurate estimate of D . Unpublished measurements made at 

CO      * 
this Laboratory indicate that the limiting effectiveness of brass in 
reducing the diameter effect in Composition B is reached at a wall 
thickness of less than 0.1",C^) while, for 6o/hO  Amatol, Copp and 
Ubbelohde(5) found that limiting effectiveness of steel was reached 
with a wall thickness of less than 0.2".  Confinement by 0.2" of 
brass is thought to be more than adequate for pressed TIJT, and the 
use of thicker tubes in any event would have created difficulties in 
obtaining accurate weights on the loaded tubes with the balances 
which were available. 

It is important to note in this connection that the shock 
velocity in the confining medium must not exceed the detonation 
velocity of the explosive, as the explosive will otherwise be com- 
pressed at the wall by the shock in the tube, and the velocity 
obtainet'. will not be that corresponding to the initial charge density. 
Roughly speaking, brass is a satisfactory confining medium for 
velocity measurements down to about l*O00 m/sec. 

Kost of the data reported here on high-density TOT were obtained 
with unconfined charges, although in a few cases confined high- 
density charges were fired to verify that the value of D obtained 
was independent of the technique used. 
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The 'brass tubes were prepared and measured by professional 
machinists, starting with extruded tubing of convenient size.  The 
nominal inside diameters and lengths of the finished tubes were as 
f ollovs; 

ID (in.)        Length (in.) 

0.7683 3.000 
1.0250 3.000 
1.5385 3.000 
3.077 6.000 

A 0.5" wide by 0.005" deep notch was milled in one end of each tube 
to provide space for the nin foils in the shot ass'. oly. 

Each tube was carefully weighed on an analytical balance of the 
appropriate capacity before and after loading to obtain the total 
weight of explosive in the finished charge. The tubes were loaded to 
the desired density, one inch at a time, by pressing the explosive 
directly into them. For the last increment or two, an auxiliary 
loading sleeve vhich meshed with the notch on the upper end of the 
tube was used to contain the loose explosive and. to serve as a guide 
for the punch. The loading was done in increments to minimize density 
variations along the length of the charge. Radial density variations 
were controlled by carefully distributing the loose powder in the tube 
before pressing the Increment. The desired finished height of each 
loading increment vas obtained by using punches of different lengths, 
together with spacers of the appropriate heights Inserted between the 
upper flange of the punch and the end of the tube or loading sleeve. 

During the pressing, the bottcK end of the tube rested on a flat 
Luc3te plate, and at this end the face of the charge after pressing 
was flat and flush -with the end of the tube to within 0.001" or 
better. At the top the situation vas somevhat different.  In the 
first place, to provide space for the pin foils without introducing 
gaps between successive tubes in the shot assembly, the finished 
height of the explosive was held at ^n'ooV' relative to the  end of 

the tube.  In addition, in the case  '  of the larger diameter, 
medium-density charges, there was a tendency for this end of the 
charge to bow out as a result of reexpansion. This could be cor- 
rected by placing a l/2" thick Lucite plate on the end of the charge 
and pressing on its center with an undersized punch. With some 
experience this could be done in such a way that after reexpansion 
had occurred, the charge was flat and of the desired length. 

The high-density unconflned charges were made by pressing 6" 
diameter by V high stock pieces in a locally available die, and 
machining from these cylindrical charges of the desired sizes. The 
same diameters and lengths were used as before in most cases, except 
that the 6" long pieces were made up of two 3" long cylinders. Only 
those parts of the stock pieces were used which were reasonably 
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■uniform In density. The finished cylinders were quite rigid and 
could be measured and handled without difficulty. 

The high-density confined charger, were prepared in the same way, 
except that after machining, the cylinders of explosive were cooled 
slightly and slipped into the confining tubes. Upon rewarming to 
room temperature, the explosive expanded, giving a snug fit in the 
tube. 

C, Velocity Measurements 

ine detonation velocity measurements were made by a group wori.- 
ing under the supervision of A. W. Campbell, rising a technique which 
has already been described in detail elsewhere.(oj Only a few 
special features of the shot assembly, as it evolved after consider- 
able experimentation, will be described here. 

Each shot was made up of approximately nine increments, with 
transit-time pin foils inserted at the end of each increment (see 
Fig. 6 of ref. 6). Thus the 3" diameter charges were (generally) 
5V long, the others 27" long. The charges were Initiated by means 
of a detonator, a smal], tetryl pellet, and a 1" thick pad of Composi- 
tion B. With this type of initiation the detonation velocity of 
the charge had become stable alter it had traveled through two, or at 
most three, of the nine Increments, so that six or seven data points 
were normally obtained from each shot. The whole assembly was held 
together by clamps to Insure good contact between successive com- 
ponents of the train. In the case of small-diameter unconfined 
charges this must be done carex\illy, for if excessive clamping 
pressure is used, the charge will be shortened significantly and the 
velocity obtained will be too high.  It is necessary to check the 
total length of the charge, after clamping, against the sun of the 
lengths of the Individual increments to insure that the proper amount 
of pressure Is being applied. 

After each shot had been assembled, it was placed in an Insulated 
box and its temperature was adjusted to 75 + 5°? before it was fired. 

D. Sources of Error 

The velocity measuring technique described above and in ref. 6 
has been developed to such an extent that charge quality has become 
the determining factor in the over-all precision of the data. 
Accordingly, our discussion hare will be largely devotee to the 
problem of measuring charge density, and to the control juid effects 
of density variations within the charge. 

From the data presented later it can be seen that an error of 
0.001 gm/cc in determining the density of a charge corresponds to an 
error of about 3 m/sec in the detonation velocity.  It is therefore 
essential that the charge density be determined with considerable 
accuracy. In our experiments this problem was most serious in the 
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case of the smallest diameter charges. Therefore only these will he 
discussed, and It will he left as understood that the errors are pro- 
portionately smaller for the larger charges. 

The densities of all confined charges prepared by pressing the 
explosive directly into the confining tubes were derived from measure- 
ments of the inside diameters and lengths of the tubes, and from their 
weights before and after loading. Our best estimates for the •uncer- 
tainties in these quantities are as follows: 

 Measurement Uncertainty 

Weight of explosive        <  / 
(corrected for buoyancy)      '  * 

Length 2/10,000 

Diameter 7/10,000 

It follows that the maximum uncertainty in the density is somevhat 
less than 0.003 gm/cc. We believe that the errors in these measure- 
ments are primarily random, and hence their effect would be expected 
to appear as a loss of precision rather than accuracy. 

It will be recalled that in pressing the final increment into 
the tube, the finished surface of the explosive was allowed to be as 
much as 0.003" below the end of the tube. The reason the length of 
the tube, rather than the actual height of the explosive, is the 
dimension used in the volume calculations is that compensating 
effects are present.  If the actual height of e:rplosive in a partic- 
ular increment were 2.997" instead of 3.000", the actual density of 
that increment would be higher than our recorded density by one part 
in a thousand. As a result, the transit time through the column of 
explosive would be 0.02 - 0.03 usec less than it would be if the 
actual height of explosive vere 3«000!'.  However, we estimate that 
this is just about the time required for the product gases to move 
across the 0.003" gap and initiate the next increment, so that the 
two effects should cancel very closely.  Since the t;ize of the gap 
between various increments of the charge varied from zero to three 
mils, the over-all error in the measurements from this source" is 
probably negligible. The variation in the length of the gap, and in 
the position of the pin foils within the gaps, will contribute 
slightly to the standard deviation of the data. 

The densities of the high-density charfres were determined 
directly from measurements of the weights and dimensions of the 
pieces and were corrected for buoyancy.  The reported densities are 
estimated to be accurate to +0.002 gm/cc for the 3/^" diameter 
charges. The water displacement method was used to check the results 
in some cases, and the densities determined by the two methods of 
measurement agreed to within the assigned experimental error. 
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Density variations \rithin the charge also are. a problem in pre- 
cise detonation velocity measurements on pressed explosives, and two 
types are recognizable In charges snch as ve are describing here. 
The first, vhich we refer to as axial, is a periodic variation in 
density along the length of the charge -which is an ■unavoidable conse- 
quence of the Incremental loading procedure. As each loading incre- 
ment is pressed, the materiell next to the punch is compressed to a 
higher density than the material at the bottom of the increment,  'fhe 
result is a sawtooth variation In density along the charge -whose wave- 
lenjjth and amplitude are direct functions of the length of the 
loading increment (one inch in our work).  Tho shorter the increment, 
the lower the amplitude, and, of course, the shorter the wavelength. 
The secona ype, referred to as radial, is a nonuniformity in density 
in any plane perpendicular to the axis of the charge.  Careful distri- 
bution of the powder in the tube or die before pressing will decrease 
the radial density variations, but it will not eliminate them entirely 
unless the bulk explosive is very uniform.  Radial density variations 
become worse when very short increments are pressed, since a slight 
unevenness in the distribution or packing of the loose powder will 
produce a proportionately larger variation in density. 

We attempted to evaluate the effect of axial density variations 
by deliberately introducing large variations in an experimental 
charge. First, a 3"ED x V OD x 6" long polystyrene tube was loaded 
in one-inch increments. The increments were weighed out to give 
alternating densities of 1.35 and 1.25 gm/cc. After the tube was 
loaded, the densities of the successive increments were determined by 
X-ray absorption technique.(7) The results were as follows: 

Intended Density Measured Density 
Increment (m/cc) (gm/cc) 

Ton 1.25 1.25 
5 1.35 1.29 
It 1.25 1.30 
3 1.35 1.31 
2 1.25 1.31 

Bottom 1.35 1.36 

The precision of the X-ray method used is about ]$ in density, and it 
is obvious that only the top and bottom increments are significantly 
different from the average. Nevertheless, this loading procedure 
would be expected to exaggerate whatever axial density spreads are 
present in our rate sticks, so a 3" diameter rate stick was prepared 
in brass tubes by this method, and a second was prepared at the same 
time using our usual loading procedure. The velocities of the two 
charges were measured with the following results: 
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Loading    Ave Over-all   No. Velocity  Average 
Method    Density(gm/cc)   Increments   Velocity  - 9$ 

Nonuniform      1.300 7       5987.9    6.1 
Uniform        1.300 7       5985.3    6.U 

Our conclusion is that axial density fluctuations of this vavelength 
are not a limiting factor in the over-all precision of our results. 

This is not entirely unexpected, since the detonation yave does 
not respond instantaneously to changes in local conditions,^) and 
hence there is a significant damping out of the effects of density 
variations providing these are commensurable in size with the build- 
up (or build-dovn) distance of the detonation vave. This is true both 
for axial and radial inhonogeneities in density. 

We have also attempted to use the X-ray absorption method to 
estimate the magnitude of the radial density variations in a single 
increment. These appear to amount to about + 0.010 gm/cc in typical 
charges.  It is important to avoid systematic radial density varia- 
tions. For example, if the loose explosive is simply poured into the 
tube in such a manner as to assume a cone shape, and the increment is 
then presred without redistributing the explosive, the central core of 
the vhole charge will be above average density, and this high-density 
core will control the rate of -propagation of the wave. In other word% 
the observed velocity will correspond to the density of the core, 
rather than to the average density of the charge. We have verified 
this statement experimentally with other explosives, but the results 
are not sufficiently novel to merit detailed reporting here. 

Density variations as large as 0.010 gm/cc are known to be 
present in the lower density pieces cut from the 6" x V stock 
charges. An attempt was made to minimize systematic errors from this 
source by cutting the rate sticks from selected regions of the stock 
charge. 

At densities near crystal density, such problems ac inteznal 
density spreads, errors in the meaburement of over-all density, and 
gaps in the shot assembly, are eliminated or greatly reduced in mag- 
nitude, and generally somewhat better statistics were obtained in the 
velocity measurements on the highest density charges. 

III.  DATA AND ANALYSIS 

The rate stick data were analyzed by the difference method, 
which has been shown to be the correct procedure for cumulative 
straight-line data such as we obtain. (8) After discarding the first 
two or three observations (representing the booster section), we 
conrpute the detonation velocities over the remaining individual incre- 
ments, and then obtain the average velocity, and its variance and 95% 
confidence limit (+ LQC)* in the usual way. 
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In same cases this procedure had to he modified to correct for 
nontrlvlal variations In the densities of the Indlvld-ual increments 
within the charge. The correction Is made hy adjusting the incre- 
mental velocities by an amount 

(p -  P) (s)-. 
•where p is the average density of the j~ate section,   p is the density 
of the Increment In question, and/ ÖD 1 Is the slope of the veloc- 

ity -density curve at p.    For reasons       'already mentioned, this 
probably represents an over-correction,  but :'t is usually small, and 
in any event its only effect is on the variance and confidence limit. 

One additional adjustment is usually necessarv before proceeding 
to the next step in the analysis.     In fitting ecjuation  (l) we require 
that the velocities corresponding to the various diameters be obtained 
at a common density.     In practice this could not always be achieved, 
and hence in each diameter series it was usually necessary to adjust 
one or more of the velocities,  using the  same correction factor as 
before.    The corrections in this case can be made with considerable 
confidence. 

The data analysis of a typical shot  is displayed in Table II. 
A summary of the charge data and final velocities is  given in 
Table  III.    We attach little  significance to the individual + LQ  's 
appearing in this table since the sampling errors in estimating 
such a statistic  In a single experiment  are large.     They do provide 
an indication of the dispersion of the  incremental velocities 
observed in the various  shots.    However,   in making the least squares 
fits to equation (l) we have elected to treat each shot as a single 
independent observation of weight, unity,  and no further use is made 
of these particular + Iqc'5 i*1 ^he  subsequent dlscussior. 

The remainder of the  analysis is carried out in two  steps,  the 
first of which involves obtaining the least squares fits of equation 
(l) to the experimental data.    This is  straightforward,  and the 
results Eire summarized in Table IV.    From each fit we obtain an p 
Independent estimate of the variance of the underlying population.  JEh, 
These Were tested and found to be homogeneous by Bartlett's test,^°' 
implying that the true variance,   a2, is  independent of p  (the test 
also was made on the confined and unconflned shots separately, with 
the  same result).    The variances were therefore pooled and. a value of 
19»1* with 42 degrees of freedom, was obtained. 

The  second step is  somewhat moie complicated and Involves obtain- 
ing a least squares fit of a suitable equation to the velocity- 
density data (Doovs p).    Preliminary computation indicated that, with 
considerable accuracy,  D«» is a linear function of p up to a density 
of about 1.53 gm/cc, but that at higher densities a polynomial fit 
would be required.    The fitting procedure finally adopted was as 
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TABLE III - SUMMARY OF SHOT DATA 

ConTinod Charge 3 

Length of No.  of Increments 
Density Increment Booster Rate 
(m/ee) Dia   (cm )         (cm) Section Section D(m/sec) ±L95 

O.9009 1.951 7.620 3 6 4587.2 3.2 
0.9009 2.603 7.620 2 7 4632.3 6.8 
0.9009 3.906 7.620 2 7 4663.6 5.7 
0.9009 7.8l6 15,2ho 2 7 4713.4 5.1 

1.0511 1.951 7.620 2 7 5052.4 13.1 
1.0511 2.603 7.620 2 7 5103.0 4,6 
1.0511 3.906 .    7.620 2 7 5133.7 9.7 
1.0511 7.8l6 15.2^40 2 7 5180.8 6,8 

1.2008 1.95^ 7.620 2 7 5568.8 8,0 
1.2008 2.605 7.620 2 7 5598.3 4,7 
1.2008 3.908 7.620 ■: 7 5623.6 3.1 
1.2008 7.815 15.240 2 7 5662.I 5.6 

1.3005 1.905 7.620 2 7 5900.0 7.7 
1.3005 2.605 7.620 3 6 5926,9 10.7 
1.3005 2.605 7.620 2 7 5925.7 5.6 
1.3005 3.908 7.620 2 7 5951.9 6.6 
1.3005 3.908 7.620 2 7 5955.4 8.6 
1.3005 7.815 I5.2to 2 7 5990.0 4.8 
1.3005 7.816 15.2ltO 2 7 5982.2 6.0 

i.kkic 1.951 7.620 3 6 6401.2 10.4 
1M70 1.951 7.620 2 7 6398.9 11.6 
l.lt470 2.603 7.620 2 7 6417.7 2.7 
1.W70 2.603 7.620 : 7 6425.9 11.9 
l.hkjO 3.908 7.620 2 7 6442,1 ll.l 
1.1A70 3.906 7.620 2 6 6443.9 7.0 
l.Ul+70 7.8l6 15.21*0 2 6 6466,9 2.1 
l.khjO 7.823 15.2itO 2 7 6469,8 5.4 

1.53^2 1.951 7.620 2 7 6732,9 6.3 
1.53^2 2.603 7.620 2 7 6722,0 11.7 
1.53^2 3.906 7.620 3 6 6742,2 10.4 
1.53^2 7.813 15.2i»o 2 7 6743.6 5^9 

1.5695 1.951 7.620 2 7 6816,5 4.0 
1.5695 2.603 7.620 2 7 6824.9 2.4 
1.5695 3.906 7.620 2 7 6833.8 0.3 
1.5695 7.816 15.2140 2 7 6831,6 1.8 
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TABLE III -  Continued 
SUMMARY OF  SHOT DATA 

Confined Charges 

Length of No.  of Increments 
Density Increment Booster Rate 

^ (gm/cc) Dia (cm) (cm) Section Section D(m/sec) 

1.6359 1.951 7.620 2 7 6933.0 2.1 
1.6359 2.603 7.620 2 7 6934.6 1.6 
1.6359 3.909 7.620 2 7 6938.5 4.0 
1.6359 7.823 15.240 2 7 6941.4 3.1 

Unconfined Charges 

l.hkOl 1.951 7.620 2 6 6372.1 8.6 
l.kh07 3.906 7.620 2 7 6423.3 5.2 
l.kkOJ 7.823 12.70O 3 6 6447.5 5.4 

1.5127 1.951 7.620 1 8 6624.9 1.7 
1.5127 2.603 7.620- 2 7 6644.0 2.1 
1.5127 3.906 7.620 3 6 6661.7 7.6 
1.5127 7.813 7.620 k 5 6684.5 9.4 
1.5127 7.8l8 7.620 4 5 6681.1 23.9 

1.5627 1.951 7.620 1 8 6802.7 3.* 
1.5627 2.603 7.620 2 7 6812.9 2.3 
1.5627 3.906 7.620 3 6 6831.9 30.3 
1.5627 7.818 7.620 4 5 6823.2 8.6 
1.5627 7.818 7.620 4 5 6S32.I 14.7 

1.609^ 1.951 7.620 1 8 6901.8 3.5 
I.6094 2.603 7.620 2 7 6907.4 21.3 
1.6094 3.906 7.620 2 7 6902.9 16.9 
1.6094 7.816 7.620 4 5 6909.7 3.0 
1.6094 7.816 7.620 4 5 6907.4 5.2 

1.6238 1.951 7.620 2 6 6933.3 3.2 
1.6238 2.603 7.620 2 7 6929.I 5.4 
I.6238 3.909 7.620 2 5 6926,8 6.3 
1.6238 7.823 15.240 5 1» 6930.3 1.9 

1.62^1 O.693 5.080 2 7 6906.4 10.8 
1.6251 0.846 5.080 1 3 6905.3 5.7 
1.6251 1.090 5.080 2 7 6922.1 2.3 
1.6251 1.524 5.080 2 7 6923.6 1.3 
1.6851 2.540 5.080 2 7 6926.4 5.2 
1.6251 7.620 5.080 2 7 6928.3 4.1 
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SUMMARY OF SHOT DATA 

Unconfined Charges 

Length of No. of Increments 
Density 
(gm/cc) 

Increment Booster Rate 
iL?5 Dia (cm) (cm) Section Section D(m/sec) 

1.6324 
1.6324 
1.6324 
1.6324 
1.6324 

1.951 
2.606 
3.909 
7.818 
7.818 

7.620 
7.Ö20 
7.620 
7.620 
7.620 

1 
1 
2 
4 
4 

8 
7 
7 
5 
5 

6936.6 
6941.1 
6943.6 
6941.2 
6941.9 

2.3 
7.9 
9.0 
3.7 
5.2 
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follows:       'We define a step function 

F(p,p*) ^ 0 p < p* 

= 1 p > p*- 

and. write 

Doo = ao + V + F(P'P*)      a2(p-p*)2 + a3(p-p*)3l (2) 

The least squares normal, equations are readily obtained for this 
function in the usual way. However, since the experimental design was 
not symmetrical (i.e., the diameters and numbers of shots fired are 
not the same for all densities), the correct procedure is a weighted 
least squares analysis with weight factors 

Nl 
^  ^2 

V       = 
1 

Nl I (6iJ - 6l) 
 ifi  

■   Z.  ^ 

where 6 = l/2B, and 1 and N,  are as in Table IV.    By a trial and 
error method It was determined that an appropriate value for p* was 
1.53^? ©n/cc;   that is, values of D   for densities greater than this 
exhibit significant departure from the linear part of equation (2). 
The final result of the analysis is as follows: 

D^ = 1872.7 + 37.2 + (3187.2 + 27.1) p + F(p, 1.53^)  I (-25,102 

+ 10,212)  (p-l.53te)2 + (115,056 + 103,667)  (p-1.53^2)3J      (3) 

The + values In this equation are the 95/° confidence lUnlts of the 
coefficients. 

o  This part of the analysis also provides an Independent estimate, 
S2, of the variance of the underlying population. We find Sg = ^7.3 
with 11 degrees of freedom.  The ratio S^/S^  is 2.^+8, from which It Is 
concluded by the v test   that the two variances are from different 
populations. The observed ratio only slightly exceeds the critical 
ratio, 2.32 (5^ level), and it is quite possible that this conclusion 
Is the result of a small fitting error Introduced into the analysis 
by our assumption as to the form of equation (2). However, the use 
of a more complicated expression hardly seems Justifiable, 
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The last tvo columns of Table IV contain the values of D com- 
puted from equation (3) and their 95^ confidence intervals. ?he 
confidence intervals are obtained fron the equation. 

+ Lnc.  of D = 

* (0.95,11) S2 5 +X (V^2 ck:c +Ht\-\^-*S \JL 

1/2 

k=l /, k^Z- 

•vAiere X_=p, ^«(p-p»)  , and X-^p-p*)-3.    The C.^  are the elements of 
the covariance matrix.    Their values are 

C^ = 3.2232 C^ = -h.Qk6 x 102 

C22 - lu56J+ x lo5 C13 = k'036 x  :Lo3 

C  = h.Gjk x  107 C  = -4.582 x 106. 

Figures 1 and 2 are deviation plots for the reciprocal diameter 
fits. They indicate quite clearly that our diameter effect data do 
not depart from the form of equation (l) in any systematic way. In 
Fig. 3, the upper curve is a deviation plot for the whole of equation 
(3), vhlle the lover curve illustrates the manner in which the high- 
density data depart from the extrapolated linear portion of that 
equation. 

IV.  DISCUSSION 

We have seen that equation (l) accurately represents our data 
over the range of diameters studied by -as,  but its use for extrapo- 
lation purposes needs to be justified. To this end we will want to 
make use of the observation that in our experiments we have 

•=— > O.985 (unconflned charges)   ^- > O.965 (confined charges) 
CO OS 

vinre these relations hold for all diameters and densities. 

Two theories of the diameter effect have been proposed, the 
curved-front theory-of .gyring and coworkers^^ and the nozzle 
theory of H. Jones.^^) In both cases the theory was developed for 
three types of confinement — no confinement, light confinement, and 
heavy confinement. We are here concerned only with the first and last 
of these. 

In both theories the existence of a detonation reaction zone of 
finite length x is assumed, and we need only replace a by x in 
equation (1) to obtain the result given by the curved-front theory 
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Deviation plots (experimental-calculated) 
for reciprocal diameter fits — confined 
charges. 
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Figure 3 
Deviation plots (experimental-predicted) for the D« vs p data. Open 
circles: Confined charges. Full circles: Uhconfined charges. The 
upper graph is for the whole density range and shows the deviation of 
the experimental points from the velocities predicted hy equation (3). 
The error flags (where shown) are the 95^ confidence Intervals calcu- 
lated from sl (see text).  In the lower graph, the high-density region 
has been expanded to emphasize the departure from linearity (first two 
terns of equation (3) ) in this region. The curved line represents 
the contribution of the higher order terms of equation (3). 
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for unconflned charges (ve assume that x le not sensibly dependent on 
R). The corresponding result for heavily cased charges Is 

^- = 1 - 0.88 | sin 0 
GO 

vlth 0 given by 

tan 0 
c 

Here pc and D are the Initial density and snock velocity In the con- 
fining material, respectively, and the other symbols have already been 
defined. Upon inserting reasonable values for D in the last e<|uation, 
we find that in our experiments tan 0 < 0,25, anS hence to a suffi- 
ciently good approximation sin 0 flT tan 0. Furthermore, at a given 
density p, the expression under the radical sign varies by about 
twenty percent or less, while R varies by a factor of four. Hence 
well within the precision of our data we may set 

1.76 sin 0 S 1,76 fi-V 5? a'c (p) (If) 
pc   D 

c 

end we then have 

D_     C x 
D     "2 R 

which is of the desired form. Our estimates of the values of C at the 
densities of interest, obtained from ecjuation (h),  are as follows: 

0.9 0,12 
1,05 0.18 
1.2 0,2h 
1.3 0.28 
1.1*5 0.3^ 
1.53 0.38 
1.57 0.i*O 
1.64 0.U3 

An approximate form of Jones'  equation for heavily cased 
charges is 

^  (-^)- 
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Here 0 is the expansion angle of the case, and the other symbols have 
the meanings already assigned. It is assumed that £ tan 0 is small, 
and indeed ve have w tan 0 < 0,01 for D/D^ > 0,96. wider these con- 
ditions ve can equally well vrite      " 

D = D ( 1 _ ^«5 x tan 0 j 

vhich is of the desired form providing the expansion angle is constant 
at a given loading density. This would appear to be an entirely 
reasonable assumption. We note in passing that, to within about a 
factor of two, x = J+a for heavily cased charges by both theories. 

The Jones theory for unconfined charges is a quite different 
matter. For D/D^ = 1 these equations can be written 

D = D» /l - ^-5 (r - 1)^ 

where r is defined parametrically by 

r = 1.85 (1 - I cot 0 ) 

sin e 
* = 0,919 R    ^ ^ 1 + cos r   2 Q 

If in this case we assume that x is independent of R, we find that a 
plot of D/D vs X/R curves rather sharply as D/D -» 1, so that it is 
not possible to obtain a reasonable representation of our results ty 
means of these equations unless x is allowed to vary with R, The 
functional form w»d.ch such a dependence might assume is not contained 
in either theory, and hence a unique solution for D cannot be 
obtained. 

To summarize^ then, for x independent of R, and for D/D = 1, 
equation (l) is of the form predicted by both theories for Seavily 
confined charges, and by the curved-front theory for unconfined 
charges. It is, under these same conditions, inconsistent with the 
re stilts of the nozzle theory for unconfined charges. Nevertheless, 
we feel that its use in estimating infinite diameter velocities from 
our finite charge data has been adequately Justified on both experi- 
mental and theoretical grounds. 

Corresponding to the reaction zone length x which appeared in 
the foregoing discussion, there is a reaction time T, These are 
quantities of considerable physico-chemical interest which are diffi- 
crult to measure by any direct method. From elementary conservation 
of mass considerations, they are related by the equation 
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*      £ 
D      p 

where p is the initial density of the explosive and p is the average 
density (uhbumed explosive plus products) in the reaction zone. The 
value of the ratio p/o is not known, but from the presumed structure 
of the reaction zone (l) ve can assert that PCj/p is a lower hound 
■where p-j is the density at the Chapman-Jouguet plane. For many 
explosives p., 7/ Sf * , With this in mind, but otherwise quite 

arbitrarily, we set 0 T = hs2 i? , and, in Table V, we have summar- 
ized the values of x and T computed from our data, using the re stilts 
of the curved-front theory. In Fig, kt  x is plotted as a function of 
p. From this figure we see that x is a smoothly decreasing function 
of p over the whole density range, becoming quite small as crystal 
density (1.65^ gm/cc) is approached. Similar results were obtained 
by Stesik and Akimova, although these investigators used a quite 
different, empirically calibrated relationship between D/D^ and x/R. 
The dashed line in Fig. h  represents the dependence of x on p accord- 
ing to the data of their paper. The differences in the two curves 
are readily explainable, qualitatively at least, if the TNT used by 
Stesik and Akimova was of a smaller average particle size (around 
kO microns) than that used by us.  It is not unlikely that this was 
the case, as they state that their TNT had beer ball milled. 

These results raust be interpreted with some reserve, since the 
theories of the diameter effect are imprecise, and also because little 
is known about the actual kinetic structure of the reaction zone. 
Regarding the latter, one reaction mechanism which appears consistent 
with much of the available experinental data is surface ignition, 
followed by inward burning, of the individual grains.(13) This 
mechanism is generally referred to as the grain-burning theory. A 
decrease in x with p would be expected on the basis of this theory, 
and may be viewed as the result of two effects — a decrease in grain 
size due to crushing of the grains in the pressing operation, and an 
increase in burning rate with increasing pressure in the reaction zone. 
It is of some interest to compare the data of Table V with correspond- 
ing estimates made on the basis of the grain-burning theory. The 
comparison is most readily made using the reaction times T.  If the 
sxplosive grains are assumed to be uniform spheres of radius r, and if 
f is their linear (radial) burning rate, than we have T = r/f. In 
practice the explosive grains axe  neither spherical nor uniform in 
size; furthermore, many of them are agglorierates of smaller crystals, 
and even the Individual crystals may have internal fissures and voids. 
Finally, some attrition of the grains must occur during their passage 
through the shock front (by spalling, for example). The data of 
Table I cannot, therefore, be used in any straightforward vay to 
estimate an average effective grain radius for the reaction time cal- 
culations. For this reason, to make the comparison we have turned 
the calculation around, and from the values of T given in Table V and 
estimated values of f we have calculated r. The values of r so 
obtained are then to be compared with the data of Table I, keening 
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TABLE V 

Reaction Zone Length x and Reaction Time T - Curved-Front Theory 

Confined Unconflned 

p x (mm) 

5.6l + O.85 

Ta(^Sec) 

0.901 1.78 

1.051 3.^5 + 0.52 0.99 

1.201 1.75 + 0.35 0.46 

1.300 1.31 + 0.19 0.33 

l.WH 

IJA? 0.80 + 0,1k 0.19 

1.513 

1.53^ 0.l6 + 0.19 0.0U 

1.563 

1.570 0.15 + O.lB O.Oh 

I.609 

1.62h 

1.625 

1.632 

1.636 0.08 + 0.l6 0.02 

x (mm) T  (tisee) 

0.30 + 0.08 0.07 

0.22 + 0.06 0.05 

0.10 + 0.06 0.02 

0.02 _+ O.06 <0.01 

0.01 + 0.03 <0.01 

0.03 +0.02 <0.01 

0.02 + 0.06 «CO.Ol 

a Computed from T =    1.5    ■= .    See text. 
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1.2    1.3    1.4 

P (g/cc) 
1.5 16 

Figure k 

Detonation reaction zone length as a function of loading density. 
Open circles: Confined charges. 
Pull circles: Unconfined charges. 
Error flags shown are 95^ confidence intervals. 
The  dashed line represents data by Stesik and Akinova,    j (see 

text). 
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in mind tiie ntave comments regarding the expected relative magnitudes 
of the two sets of data. 

The linear hurning rate of TNT crystals has been measured by 
Jacobs as a function of pressure up to about 3000 atm. The details of 
this investigation have never been published in the open litera- 
ture^'l^) but the burning rate of TNT vas found to follow an equation 
of the form 

f = k P11 . 

The coefficient k is temperature dependent, increasing at the rate of 
about 2^ for each 10oC rise in temperature. At room temperature, 
k = 0.53 x 10-6 for f in mm/nsec and P in atmospheres. If we assume 
that the temperature of the shocked (but unreacted) explosive is 900oC 
(vide infra), then k has the value 3.0 x 10-°. The exponent n was 
found by Jacots to be equal to 0.8l. Therefore, for the burning rate 
we use the equation 

* - 3.0 x IO"6 p0-81 

and hopefully extrapolate this into the range of detonation pressures. 
The latter also must be estimated in the density range of interest. 
For this purpose we have used the equation 

PCJ = 2.75 x 10"
3 p D2 (5) 

where P is given in atmospheres for D in m/sec. This choice is based 
in part on the results of hydrodynamlc calculations(15) and in part on 
an experimental value at p = 1.^55 gm/cc.(l6) The pressure varies 
considerably throughout the reaction zone, perhaps by as much as a 
factor of two,(l) being higher at the front of the zone. For this 
reason we have computed the burning rates using a pressure (assumed 
constant throughout the reaction zone) 20$ higher than that given by 
equation (5). The results of these calculations maybe summarized 
as follows: 

TABLE VI 

p P x 10'3 * x 103 p x 103 Grain Dia 
(gn/cc) (atm) (mm/i-isec) (ram) (microns) 

0.90 67 2h.h 43.5 87 
1.05 <* 32.lt 32.1 6k 
1.20 128 hl.3 19.0 38 
1.30 155 47.6 15.7 31 
l.*5 201 59.2 11.3 23 
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The agreement between the mnribers appearing in the last column of this 
table and the numbers ■which might have been predicted from the  sieve 
analysis data is surprisingly good,  particularly in viev of the 
impressive extrapolation of Jacobs'   burning rate equation vhich was 
involved in the calculations. 

An alternative model for the  detonation    reaction is the homo- 
geneous adiabatic decomposition of the shock-heated explosive, 
assuming an Arrhenius rate la^it    Under these conditions the reaction 
time is given by the equation ^t) 

:    o      - E/IiT< 
ZQE" 

T =     o       e    '    i0 

where c is the heat capacity, Q is the heat rf reaction, T is the 
temperature of the shocked explosive, R la the gas constant, and  Z 
and E are the preexponential factor and activation energy, respec- 
tively, in the Arrhenius law.  In this equation everything but R is 
uncertain in the regime of interest here. Me begin by setting 
c = 0.5 cal/gtn/8C and Q = 1000  cal/gpi. Temperatures on the Hugoniot 
of unreacted TNT have be^n computed (15) for two assumed equations of 
state, one of the Mle-Gruneisen form- and the other of the form cited 
by Cowan and Fickett for graphite.'1"' In both cases the parameters 
in the equation of state were adjusted to fit experimental Hugoniot 
data for unreacted TUT.'1^) Similar temperatures were obtained with 
both equations of state, and, for the pressures and densities listed 
in Table VI, we have T = 1200oK.  It is of interest" to note that, in 
this range, a 100° change in T changes T by about a factor of three. 

The greatest uncertainty arises in the values to be assigned 
to E and Z.  From studies of the thermal decomposition of liquid TOT, 
Robertson(20) obtained z = 1011*  sec"1 and E = ^k,k  kcal/mole, 
while Cook and Abegg(2l) obtained Z = 1012,2 sec-! g^^  E _ 43^ kcai/ 
mole.  Inserted in the above equation, with the previously assigned 
values of c, Q, and T , these rate laws lead to the following esti- 
mates of the reaction time: 

0.3 (isec (Robertson) 
1,5 iisec  (Cook and Abegg) 

Thus these estimates also are in good agreement with the "experi- 
mental" values. On the other hand, we view them as even less 
reliable, and by a considerable margin, than the burning rate cal- 
culations summarized in Table VI. 

We conclude this discussion of reaction zone lengths with a 
few general conments. First of all, while the Interpretation of our 
data in terms of the combined ctirved-front/grain-burning theories has 
led to surprisingly good agreement in the computed reaction zone 
lengths, this agreement cannot be cited as proof of any part of the 
theory. The agreement could be accidental, and the only justifiable 

352 



Urizax, James, and Smith 

conclusion to be drawn rrorn these results is that this interpretation 
of the data has not led to any gross inconsistencies. 

Secondly, and in spite of this agreement, we feel that some 
modification of the grain-hurning theory might be profitable. The 
argument is as follows: When a soft granular material is shocked to 
a density well above its crystal density, it would seem reasonable to 
expect that the individual grains would completely lose their identity 
so that the model of inward burning grains becomes somewhat implaus- 
ible. On the other hand, the discontinuities in the material (voids 
and intergranular contact points) are likely places for burning to 
start — by spalling, intercrystalline friction, or adiabatic com- 
pression as the material passes through the shock front. These 
considerations suggest that the reaction may proceed through the out- 
ward burning of numerous fanal] hot spots (holes) more or less 
randomly distributed throughout the compressed material. Both the 
number and size distribution of such hot spots presumably would 
depend on the strength of the shock in such a manner that a decrease 
in reaction zone length with increasing charge density would result 
from this effect as well as from the increase in burning rate. 
Reaction zone lengths deduced fron this "hole burning" model would not 
be expected to be grossly different from those computed from the grain 
burning model.  Its principal advantage, a-^ide from plausibility 
considerations, is that it can explain a wider range of reaction 
times. Unfortunately, this same flexibility, which is an inherent 
feature of the model, makes simple calculations of reaction zone 
lengths somewhat more difficult to justify in terms of the conditions 
assumed to hold Initially behind the shock front. Some of the conse- 
quences of the model are currently being explored at this Laboratory. 

The literature abounds in detonation velocity data on TNT, but 
most of it was obtained before the development of accurate instru- 
mental methods and also before the importance of charge geometry and 
confinement was fully appreciated. We will here consider only the 
more recent studies. 

Cybulski, Payman, and Woodhead,'"' using a rotating mirror 
camera, made a number of measurements, mostly on cast TNT, in which 
they studied the effect of purity, crystal size, charge diameter, 
and confinement. From their data they deduce a limiting velocity of 
6950 m/sec for cast TNT at a density of l,62h  gm/cc. This is some 
25 m/sec above our curve. As a check on the reproducibility of the 
method they also determined the detonation velocity of pressed TNT at 
a density of 1.00 gm/cc in 1.25" diameter unconfined charges, using a 
TNT having a particle size two to three times larger than that of the 
TNT we used. Their velocity of 1+^50 m/sec is over 300 m/sec below 
what we would predict from our results for confined charges of this 
diameter and density. This emphasizes the importance of the effects 
of confinement and particle size on detonation velocities deter- 
mined at low loading densities. 
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Copp and Ub'belohde'2^/ used a careful application of the 
Dautrlche method to obtain detonation velocity data on confined 
charges of cast TNT at a density of 1,60 ©n/cc vith various charge 
diameters. Proci their results they deduce a limiting velocity of 
6970 m/sec. This is seme 70 m/sec above our curve and Indeed lies 
very close to the extrapolation of our least squares line, Ve believe 
the discrepancy lies in the method used by Copp and Ubbelohde to 
extrapolate their experimental points to obtain an infinite diameter 
velocity. The velocity actually reported by them for 3" diameter 
charges is 6850 m/sec, and the correlation betveen velocity and 
diameter Is not statistically significant in the case of their data. 

The vartlme work of the Explosives Research Laboratory at 
Bruceton has never been published in the open literature but has been 
summarized in an OSRD report.(24) Over a hundred velocity measure- 
ments vere made on TNT at a variety of densities, charge diameters, 
particle sizes, and degrees of confinement. The data are difficult 
to analyze in a systematic vay, but a limiting velocity curve deduced 
by the Investigators is given as 

D = 1785 + 3225 p 

■which is in good agreement vith our results. 

Stesik and Akimova's work most nearly parallels ours in plan 
and objective, although it differs considerably from ours in experi- 
mental details and in the treatment of the data. Their infinite 
diameter velocities ere  a linear function of p up to 1.55 gm/cc and 
are described by the equation 

D^ = 1669 + 33^2 p . 

This is only in fair agreement with our equation (3)« Their infinite 
diameter velocities are some 70 m/sec below ours in the low-density 
region and are higher than ours by a similar amount at high density. 
We can only specu.1 ate as to the reasons for this. The difference at 
low density may be a consequence of their extrapolation procedure and, 
more directly, of the method they used to calibrate it. The situation 
at high density is more obscure, as many of their experimental 
velocities are higher than our infinite diameter velocities. 

It is interesting to note that their highest density point, at 
1.62 gm/cc, lies some 83 m/sec below the straight line determined by 
their other four experimental points. Thus their data also contain 
evidence of the downward curvature of the D^-p line observed by us 
in the high-density region. 
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M. A. Cook, R. T. Keyes, W. O. Ursenbach 
Institute of Metals and Explosives Research, University of Utah 

Salt Lake City, Utah 

ABSTRACT 

An "aquarium technique" for the measurement of detonation, shock, 
and impact pressures is described which is capable of measuring 
accurately pressures over a range extending from roughly one to 
several hundred kilobars.  An experimental determination of the 
equation of state for water, upon which use of the aquarium tech- 
nique relies, is presented and compared with results obtained by 
other investigators.  Similar data are presented for lucite. 
Measurements of pressures for a variety of explosives including 
both ideal and non-ideal ones are presented for various charge 
diameters and lengths using explosives of widely different reaction 
zone lengths.  These pressures were found to correspond to the 
Chapman-Jouguet value of the detonation pressure calculated from 
thermohydrodynamic theory. 

*This investigation was supported by the U.S. Navy Bureau of 
Ordnance under Contract Number NOrd-17371. 
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Introduction 

When a shock wave propagates through an undisturbed madium of 
density p^, all the remaining shock wave parameters may be expressed 
uniquely In terms of any one chosen parameter.  For example, 
pressure, temperature, and particle velocity may each be expressed 
uniquely In terms of the velocity of the shock wave.  The fact that 
disturbances, even of relatively low pressure, propagate In water as 
shocks, coupled with the fact that water Is transparent, thereby 
permitting convenient and continuous observation of shock velocity 
by a streak or framing camera, suggest that water can be used as a 
pressure gauge for measuring transient pressures.  For instance, It 
may be used to measure the peak pressures In detonation waves of 
condensed explosives, in Impact-generated shocks produced by the 
collision of a moving plate with a fixed plate, or, for that matter, 
It may be used to measure the peak pressures of shocks in various 
other media irrespective of the mode of shock generation. 

Before water can be used as a pressure measuring medium its 
shock parameters must be known.  The Ranklne Hugonlot curves for water 
have been derived by a number of investigators including Klrkwood 
and Montrall^ ^ Klrkwood and Richardson, ^•' Richardson, Arons and 
Halverson, *• ' Arons and Halverson, ^ ^ and Doering and Burkhardt.' ' 
In these treatments systematic extrapolations of Bridgman's^ ' ^ F/T 
data for water were made.  Probably the most comprehensive extrapo- 
lation of Bridgman's PVT data, however, was carried out by Snay and 
Rosenbaum^") who used more recent data of Bridgraan'- '  ■' which for 
water extended to 36,500 kg/cm2 and for ice VII to 50,000 kg/cm2. 

A different approach was used in a later study by Walsh and 
Rice.'^'  In their method an intense plane shock wave was generated 
in an aluminum plate by the detonation of a slab of Composition B in 
contact with one side of the plate.  The shock through a portion of 
the plate was then transmitted into water.  Higher pressures in the 
aluminum plate were reported by "slapping" the aluminum plate with a 
thin, high velocity, explosively driven plate rather than detonating 
the charge directly in contact with the test aluminum.  By application 
of a special streak camera technique pioneered by Walsh and co- 
workers and through use of a previously derived equation of state for 
aluminum the shock velocity In water as a function of the correspor 
ing shock pressure In the aluminum at the interface was determined. 
Continuity conditions of pressure and particle velocity across the 
interface between the aluminum and water were then applied to 
determine the Hugonlot curves for water. 

In determining shock parameters for water a factor which should 
be considered is the possibility of a phase change of the medium 
within the Shock wave.  This possibility was investigated by Snay 
and RosenbaumC8) and by Walsh and Rice.C11)  According to Snay and 
Rosenbaum the Ranklne Hugonlot curve for supercooled water and the 
Ranklne Hugonlot curve for partially frozen water are never far 
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apart, and thus the shock velocity would not be materially affected 
if freezing did occur.  Since partial freezing of a liquid should 
lead to reduced transparency, because of differences in indices of 
refraction of water and ice, Walsh and Rice carried out some trans- 
parency experiments of water being traversed by a shock wave in the 
pressure range of 30 to 100 kilobars.  No sign of opacity due to 
freezing was observed.  They concluded therefore that even though 
P, T conditions might be proper for freezing under static conditions, 
the time the liquid was under the correct conditions within the 
shock wave apparently was too short for Treezlng to occur. 

- 
In using water as a pressure gauge (by observing the trans- 

mission of the shock into it) one must calculate from the measured 
shock pressure in water the pressure in the adjacent medium of 
interest from which the water shock was transmitted.  In a previous 
application of the "aquarium technique" for the measurement of 
pressure, two procedures were used to perform such a calculation. ^^ 
The first method, which was considered the more exact one, was 
patterned after a treatment given by Rlemann for a shock propagating 
across a boundary into a medium of lower impedance.  The second 
method utilized the shock "impedance mismatch" equation 

Pt(otVt * P.V,) 

Pi 2^r  CD 

where p is pressure, p is initial density of the medium before being 
traversed by a shock, V is the velocity of the shock, and subscripts 
1 and t designate the incident medium and the transmitting medium, 
respectively.  Although the shock Impedance mismatch equation 
theoretically should only be accurate when the wave reflected at 
the interface Is a weak shock, in the investigations covered by 
Ref. 12 where the reflected wave was a rarefaction, equation (1) 
was found to yield results in very good agreement with the first 
method.  "Consequently, in the present study equation (1) was used 
to calculate p. from measured values irrespective of whether the 
reflected wave was a release wave or a shock wave. 

This paper presents results obtained by application of the 
aquarium method for the measurement of detonation pressures of a 
number of explosives. 

Furthermore, since the results of Snay and Rosenbaum were 
derived from an extrapolation of low pressure PVT data, and since 
the curve of Walsh and Rice is dependent upon the equation of state 
of aluminum and application of continuity conditions across the 
aluminum-water interface, results of a shock parameter study for 
water by a third, independent method are described.   Lesscompre- 
hensive results are also presented for lucite which, like water, 
possesses desirable characteristics for use as the transmitting 
medium of a pressure gauge. 
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Experimental 

(a)  Shock parameter determinations 

The shock parameters which  are of interest in this study are 
related by the familiar hydrodynamic equations 

p - Po - p^ (2a) 

W/V - U-Cp^p)] (2b) 

and the approximate relation 

W * Vfs/2 (3) 

where p is the pressure, p is the density, V is the shock velocity, 
V^  the free surface velocity, and W is the particle velocity, the 
subscript 1 indicating initial conditions before passage of the 
shock wave.  Equation (3) expresses the fact that the particle 
velocity in the shock at a free surface is approximately twice the 
particle velocity in the shock in the medium in question. 

The method used for determining the shock-parameter data for 
water and some of the data for lucite consisted of simultaneous 
measurements of the shock velocity immediately Inside the free sur- 
face and the free surface velocity as the shock emerged from the 
water or lucite.  Observations of the shock and free surface vel- 
ocities were made with a rotating mirror streak camera using diffuse 
backlighting from an explosive flash bomb to show the propagation of 
the shock wave and the free surface.  Fig. 1 illustrates the 
aquarium setup.  Note that point-initiated charges were used.  For 
this reason it was necessary that the slit view of the streak camera 
lie along the charge axis in order to obtain the correct values of 
shock velocity and the corresponding free surface velocity.  Care 
was also taken in the alignment for the free surface in the cases 
of both the water and the lucite to lie on the optic axis of the 
system so that the view of the camera was flush with the free surface, 

Two sizes of aquaria were used, the smaller being 6" x 6" x 6" 
and the larger 12" x 12" x 8", the size of the aquarium being 
dictated by the height, h, of water above the receptor charge. As 
h was increased above a certain limit the dimensions of the aquarium 
had to be increased due to the fact that the shattering of the glass 
propagated with a velocity which exceeded the shock velocity in the 
liquid.  Increasing the size of the aquarium, of course, resulted in 
an increased path length for fracture which permitted the events of 
interest at the water-air interface to be photographed before they 
were obscured. 

The pressure or velocity of the shock wave when it reached the 
air surface was varied primarily by one of two methods:  (1) By 
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varying the height, h, of the Liquid above the surface of the genera- 
tor charge, and (2) by varying the size of the shock-generator charge, 
since use of smaller diameter generator charges resulted in a greater 
attenuation of the shock in water. With 3" diameter x 3" length 
shock-generator charges and 2" diameter x 2" length donor charges 
of Composition B thepressure of the shock wave, when it reached the 
water-air interface, could be varied conveniently between an upper 
limit of about 130 kb when the height of the liquid was 0.5 cm and 
a  lower limit of about 30 kb using a liquid height of about 7 cm. 
For lower pressure, rather than employing further increases of 
water height, it was more convenient to reduce the size of the charge. 
Consequently, for pressures below roughly 30 kb and down to as low 
as 1 kb, 1" diameter x 1" length Composition B shock-generator 
charges and 1" diameter x 3" length donor charges were used.  The 
calibration curve was extended to 155 kb by using a charge based oa 

Silhouette lightbomb 

Comp B 
generat 
charge 

Slit view of streak camera 

Water-air interface 

Comp B 
donor 
charge Booster 

Fig. 1:  Aquarium setup for measuring velocity of water shock 
along the charge axis and free surface velocity. 

HMX as the shock-generator charge.  This value was sufficiently 
high for measurements of detonation pressures of the explosives of 
interest.  Walsh and Rice reported, however, extending shock para- 
meter data to above 300 kb by hurling an explosively driven, thin, 
flat plate across a short air gap. 

The silhouette-type lightbomb comprised a 4" diameter x 3" 
length 50/50 TNT/Composition B charge inserted in a 4" x 30" paste- 
board tube of about 1/16" wall thickness. A sheet of translucent 
polyethylene plastic was taped to the front of the tube which 
served as a diffusing screen.  The height of the lightbomb was 
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adjusted so that the surface of the water in the aquarium was 
approximately in line with the center of the front of the lightbomb 
as viewed by the camera.  Tue aquarium assembly and the streak 
camera were arranged such that the slit view of the streak camera 
was as shown in Fig. 1, i.e., perpendicular to the water-air inter- 
face and lying along the axis of the generator charge.  Consequently, 
with proper syuchrciiization of the lightbomb, a streak camera trace 
was obtained of the shock propagating through the liquid to the 
water-air interface.  When the shock front reached the surface of 
the water the trace sh<wed a rarefaction wave propagating back into 
the water and the spalling of the water surface.  This spall 
apparently is in the form of a very fine spray because it is 
{relatively opaque and permits photographing the motion of its front 

and thus the direct recording of the free surface velocity. 
■ 

Fig. 2 reproduces a typical streak camera trace showing the 
attenuating shock wave, the release wave, and spall.  Note that the 
spall velocity is very constant.  The results of interest obtained 
from the films are the shock velocity just as the shock reached the 
interface and the free surface or spall velocity.  Both these 
measurements were obtained from the slopes of the traces at the 
interface through application of the proper magnification factors 
and camera writing speed.  The writing speed of the camera in general 
was chosen such that the slopes of the shock wave trace and the free 
surface trace about equally bracketed the slope corresponding to a 
45° angle. 

The water used in this investigation was ordinary tap water 
rather than distilled water because the amounts required were rather 
large (some aquaria holding seven gallons) and the difference 
between the compressibility of distilled water and tap water is 
small.  The temperature of the water was 20oC + 5CV 

A few shock-parameter determinations for lucite were made in 
the same manner as those for water, i.e., by simultaneous measure- 
ments of shock velocity at the free surface and the free surface 
velocity.  However, a greater number of determinations were made by 
transmitting the shock from lucite into water, measuring the final 
velocity of the shock in lucite and the initial velocity of the 
shock in water by means of a streak camera (utilizing a silhouette 
backlight bomb to render the shocks visible), and then by means of 
the previously obtained equation of state for water and equation (1^ 
calculating the shock pressure in lucite immediately inside the 
lucite-water interface.  The shocks in lucite were generated by 
the detonation of 4.8 cm diameter x 18 cm length point initiated, 
cylindrical Composition B charges. As in the aquarium method the 
assemblies were carefully aligned in order that the slit view of 
the streak camera fell along the charge axis which made the use of 
expensive plane wave initiators unnecessary.  The strength of the 
shock in lucite at the lucite-water interface was regulated by 
varying the thickness of lucite between the charge and the water. 
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Fig. 2:  Typical streak camera trace obtained using the 
arrangement of Fig. 1 (shock parameter determin- 
ation for water). 
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The diameter of the lucite was in all cases sufficiently large to 
shield the detonation products from the region where the motion of 
the shock wave was observed. 

i 

; 
i (b)  Detonation pressure determinations 

Fig. 3 illustrates the aquariuni assembly used for measuring the 
initial velocity of the shock (and pressure) in water transmitted 
directly from a detonation wave. As in the previous cases the 
assembly was aligned such that the streak camera observations were 
made along the charge axis, the height and tilt of the assembly 
being such that the bottom face of the charge in this case was 
coincident with (and parallel) to the optical axis of the camera. 
The streak camera at this installation viewed upward through a 
periscope in which the line of sight was reflected to a horizontal 
direction by a front surface mirror.  The camera was mounted on a 
turntable and three supporting casters, permitting rotation of the 
camera about its optic axis.  Thus the slit view of the camera could 
conveniently be adjusted to either the horizontal or vertical dir- 
ection or to any position between them simply by rotation of the 
turntable.  This method of mounting the camera therefore permitted 
the proper alignment to be made with ease. 

The cast charges were detonated with the bare end immersed in 
the aquarium.  However, in cases where there existed the possibility 
of absorption of water or solution of some of the charge components 
the charges were sprayed with Krylon  for waterproofing.  Charges 
made up from granular or loose material were vibrator-packed in 
thin-walled (approximately 1/16" thick) cardboard tubes.  The ends 
of the charges which were immersed in water in these cases were 
"closed off" with a layer of polyethylene 3 mils thick which was 
too thin to affect appreciably the shock transmitted into the water. 

The average densities of all charges were determined just prior 
to firing.  In addition to the determination of the initial velocity 
of the shock transmitted into water the detonation rate of the charge 
was measured, and thus all variables were evaluated whose magnitudes 
were required in the impedance mismatch equation for calculation of 
pressure in the incident medium in terms of that in the transmission 
medium.  Detonation velocities as well as the initial shock velocities 
were calculated from the slopes of the traces.  This procedure when 
carefully applied was found to yield satisfactory results even for 
the initial shock velocity determinations because case vas taken to 
obtain traces of approximately 45° slope but more importantly 
because in many cases (with theprimary exception of short charges) 
the attenuation of the water shock during the initial stages proved 
not to be rapid. 

Numerous measurements of the peak pressure in the detonation 
wave to detect pressures higher than the C-J pressure have been 
carried out previously.^^'  '  However, these experiments utilized 
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Window for measurement 
of detonation velocity 

Slit view of 
streak camera 

Silhouette lightbomb 

Glass aquarium 

1^0 

Supports 

Fig. 3:  Aquarium assembly for measurement of velocity along 
the axis (and pressure) of the transmitted shock 
in water from a detonation wave. 

measurements of free surface velocity from aluminum acting as the 
transmission medium for shocks generated by detonation of the 
explosive in contact with the test sample.  Since the observations 
were carried out on the free surface or exit side of the aluminum 
rather than at the explosive-metal interface, questionable measure- 
ments with very thin plates were required,'1■■', ■'•&'' requiring also 
extrapolations to zero thickness to determine the pressure or 
particle velocity at the detonation front. 

The difficulties in using excessively thin plates in the method 
of Ref. 13 and 14 were amplified by the fact that experiment's were 
devoted mainly to explosives of short reaction zone length, such as 
Composition B, cast TNT, and fine, granular TNT for which the 
detonation "spike" would be "erased" quickly as it propagated into 
the aluminum.  In the aquarium method, however, where a continuous 
observation of the shock wave velocity from the explosive-water 
interface outward into the liquid is possible, one does not need to 
use thin layers of the transmitting medium. Admittedly a streak 
camera may not be able to resolve very rapid changes in velocity 
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(or pressure) in a short distance near the explosive-water interface. 
Consequently, in this study emphasis was placed upon the use of 
explosives known to possess long reaction zone lengths and especially 
those whose characteristic impedances very nearly equalled the shock 
impedance of water, thus assuring that the impedance mismatch 
equation represented a good approximation for the pressure in the 
explosive. 

The explosives included in this study were pelleted TNT of 
standard Tyler mesh sizes, -4+6, -6+6, -8+10; -48+65 granular TNT; and 
cast 50/50 amatol.  Also included here are measurements made by 
Bauer^^ for the "blasting agents".94/6 AN/fuel oil and the coarse 
TNT and Composition B "slurries"^1-"^ because the reaction zone lengths 
of blast ing agents are quite likely among the greatest of all 
detonating explosives.  Also additional measurements are included 
for explosives of much shorter reaction zone length, namely 
granular RDX, granular RDX-salt, cast TNT, cast 65/35 baratol, 
50/50 pentolite, Composition B, HBX-1, and a special explosive X. 
Measurements of this sort have been presented previously for pento- 
lite. Composition B, TNT and tetryl by Cook, Pack and McEwan.^  ' 

Except for a study with Composition B and one with a special 
explosive X »;here charge length was varied to observe transient 
effects of pressure vs charge length the charge lengths used in this 
investigation were all at least four charge diameters in order to 
insure that the detonation velocity was constant before the deto- 
nation front reached the end of the charge.  In the case of the 
pelleted TNT and the blasting agents, all of which possessed long 
reaction zone lengths, the charge diameters were varied between 
values extending in some cases from the critical diameter to a 
diameter sufficiently large for the detonation velocity to be nearly 
ideal. 

Results 

(a)  Shock parameter determinations 

Table I presents the experimental shock velocity, free surface 
velocity, particle velocity (W = Vfs/2) and pressure results for 
water.  In Fig. 4 are plotted the experimental points with pressure 
as the ordinate and shock velocity as the abscissa.  Fig. 5 presents 
a similar plot in which the low pressure part of the curve of Fig, 4 
has been expanded to a larger scale.  On both figures the smooth 
curve through the points represents an approximate best fit as 
"drawn by eye" to the data.  Velocity-pressure values from this 
curve of best fit are given in Table II and represent the most 
reliable values. 

Results of Snay and Rosenbaum,^8' and Walsh and Rice^1^) also 
are plotted in Fig. 4.  Note that Snay and Rosenbaum's results 
agree with the results of the present study at pressures up to about 
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Table  Ii     Experimental  shock  parameter  data for water 
(20oC + SC-) 

Shot Shock Free Particle Shock 
No.* Velocity Surface Velocity Pressure 

(m/sec) Velocif.y 
(m/sec) 

(m/sec) (kllobars) 

170 1630 143 72 1.16 
182 1710 229 115 1.96 
167 1810 355 178 3.21 
168 1890 377 189 3.57 
178 1780 360 180 3.20 
179 1820 368 184 3.35 
169 2050 556 278 5.70 
177 2070 550 275 5.69 
176 2110 605 303 6.38 
29 2410 940 470 11.3 
40 2260 900 450 10.2 
41 2300 920 460 10.6 
174 2800 1010 505 14.1 
175 2760 1020 510 14.1 
171 3540 1600 800 28.3 
199 3510 1780 890 31.2 
21 3680 1740 870 32.0 

187 4000 2150 1080 43.0 
6 • 4330 2 760 1380 59.8 

19 4240 2830 1420 60.0 
193 4250 3160 1580 67.2 
195 4490 3080 1540 69.1 
194 4750 3130 1570 74.3 
196 4720 3040 1520 71.7 

5 4650 3160 1580 73.5 
13 4810 3310 1660 79.6 
32 4610 3080 1540 70.9 

201 4930 3230 1620 79.6 
202 4750 3230 1620 77.8 
203 4750 3280 1640 77.9 
17 4680 3420 1710 80.0 
30 4900 3290 1650 80.6 

204 5070 3540 1770 89.7 
205 4900 3560 1780 87.2 
206 4900 3570 1790 87.5 
207 4870 3540 1770 86.2 
200 4810 3380 1690 81.2 

li 4960 3800 1900 94.2 
')070 3840 1920 97.3 

* Note: Shot number has been included for convenience of 
writers. 
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Table I: Continued 

Shot Shock Free Particle Shock 
No.* Velocity Surface Velocity Pressure 

(m/sec) Velocity 
(m/sec) 

(m/sec) (kilobars) 

4 5080 3850 1930 98.0 
190 5070 4200 2100 106 
11 5470 4100 2050 112 

189 5380 4210 2110 113 
192 5530 4120 2060 114 
213 5570 4110 2060 114 

1 5480 4690 2350 128 
2 5580 4440 2220 124 
3 5320 4500 2250 120 

10 5610 4400 2200 123 
36 5420 4440 2220 120 
37 5330 4490 2250 120 
38 5410 4530 2270 122 
34 5660 4730 2370 134 
9 6050 4720 2360 143 

183 6010 5040 2520 151 
181 6130 4980 2490 153 
184 62 70 5090 2550 160 
185 6200 5150 2580 160 
186 6290 4980 2490 157 
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Fig. At      Experimental  shock velocity vs pressure data for water. 
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Flg. 5:  Experimental shock velocity vs pressure data for water 
(low pressures). 
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Table III Smoothed shock paramete c results for water 
(20* 'C + 50°) 

Shock Shock Shock Shock 
Velocity Pressure Velocity Pressure 
(ra/sec) (kllobars) (m/sec) (kilobars) 

1450 Sonic 3450 30.0 
1620 1.0 3820 40.0 
1740 2.0 4120 50.0 
1840 3.0 4350 60.0 
1940 4.0 4570 70.0 
2020 5.0 4780 80.0 
2100 6.0 4980 90.0 
2170 7.0 5170 100.0 
2240 8.0 5350 110.0 
2310 9.0 5530 120.0 
2380 10.0 5700 130.0 
2680 15.0 5870 140.0 
2980 20.0 6040 

6200 
150.0 
160.0 
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10 kb, and from thence there Is a tendency for their data to bear to 
the left showing that their results indicate a greater compressibility. 
The results of Walsh and Rice fall about midway between those of 
Snay and Rosenbaum and this study.  The differences in compression 
between the results of Walsh and Rice, which should be more compre- 
hensive than Snay and Rosenbaum's data, and the data of this study 
were 3.27. for a shock velocity in water of 3500 m/sec and 2.8% for 
a shock velocity of 5500 m/sec, corresponding to pressures of 31 kb 
and 125 kb, respectively.  The disagreement in pressures at these 
two velocities amounts to 9.77. for the bwer velocity and 4.2% for 
the higher one. 

The agreement between the shock parameter data for water obtain- 
ed by Walsh and Rice and the data of this investigation is reasonably 
good.  One may conclude, therefore, that the Rankine Hugoniot curves 
for water are now known with sufficient accuracy that water may 
reliably be used as the transmission medium for the measurement of 
pressures in shock and detonation waves. 

In Table III are listed shock-parameter results for lucite in 
the form of shock velocity vs shock pressure, the data being 
portrayed graphically in Fig. 6.  No differentiation was made in 
either case as to which of the two methodF was  used to obtain a 
given p(V) point because the results of the two methods were 
indistinguishable within the limits of the experimental error 
involved.  The smoothed results lepresenting the most reliable 
values are given in Table IV.  Note that in Fig. 6 the curve was not 
extended to the sonic velocity because it was found that considerable 
variation existed in values of sonic velocity available for lucite, 
and thus the true value was uncertain. 

(b)  Detonation pressure measurements 

Results obtained for the military-type explosives in which the 
charge length was maintained at approximately 4 diameters to assure 
that the detonation wave was steady are listed in Table V.  All the 
charges in this case may be considered to be unconfined, the cast 
charges being bare and the loose charges being contained in 1/16" 
thick pasteboard tubing.  In Table V are listed the type explosive, 
the charge density, the charge diameter, the measured detonation 
velocity (D), the initial velocity of the shock transmitted into 
water (V ), the initial pressure of the shock front in water (pt), 
the ideal or hydrodynamic velocity D* corresponding to the given 
density, the pressure of the detonation wave or incident wave (pj) 
calculated through application of equation (1) (the impedance mis- 
match equation), the ideal detonation pressure calculated by means 
of thermohydrodynamic theory as outlined in Ref. 19, the ratio of 
pressure of the incident wave or detonation wave to ideal detonation 
pressure, and the (D/D*)2 ratio. 

372 



Cook, Keyes, Ursenbach 

Table III: Experimental shock parameter data for luclte. 

Shock Shock Shock Shock 
Veloc: Lty Pressure Velocity Pressure 
(m/sec) (kilobars) (m/sec) (kilobars) 

3300 19 4000 33 
3400 23 4000 35 
3520 23 4400 48 
3700 27 4620 59 
3740 29 5370 105 
3800 30 6040 134 
3800 31 6200 166 
3950 32 6360 169 
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Flg.   6:     Experimental  shock velocity vs  pressure data for luclte. 
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Table IV: Smoo thed shock parameter data for lucite. 

■Shock Shock Shock Shock 
Velocity Pressure Velocity Pressure 
(m/sec) (kilobars) (m/sec) (kilobars) 

3350 20 5410 100 
3820 30 5560 no 
4160 40 5700 120 
4430 50 5840 130 
4670 60 5960 140 
4880 70 6100 150 
5070 80 6210 160 
5250 90 6330 170 
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Fig. 7 presents results for special explosive X in 5 cm diameter 
and Composition B in 4.8 cm diameter for whicn the charge length was' 
varied from 1 cm to 6 cm to determine if a pressure-buildup effect 
existed in explosives of very short reaction zone lengths where one 
would expect no detonation velocity transient.  These charges were 
all boostered with identical 1/2" x 1" pressed RDX boosters.  With 
such short charges, however, difficulty was encountered in measuring 
the initial velocity of the shock wave in water because of a rapid 
attenuation in velocity of the shock in the aquarium.  The plot of 
the results indicates, despite of the observed scatter, a small 
pickup in detonation pressure as the charge length was increased. 
Whether or not the detonation velocity increased slightly over this 
region in order to produce the pressure pickup could not be 
determined. 

Data for the commercial blasting agents are given in Table VI 
through the courtesy of the Intermountain Research and Engineering 
Company, Salt Lake City, Utah.  These results are given both for 
unconfined charges and charges confined in 3/8" thick or 1/4" thick 
steel tubing.  One will note that the detonation velocity and pres- 
sure of the low density AN/fuel oil mix was very sensitive to 
confinement.  In 5" diameter unconfined charges the detonation 
velocity was only 2770 m/sec which corresponded to a D/D* ratio of 
only 0.66 while with 3/8" steel confinement in the same diameter 
the detonation velocity was 3930 m/sec corresponding to a D/D* ratio 
of 0.94.  The DBA series of coarse TNT or Composition B "slurries" 
were much less sensitive to confinement probably because their 
detonation pressure is much higher. 

In comparing the measured values for pressure in the explosive, 
that is, pressures of the incident waves (Pj) obtained by the 
aquarium technique, one will note that in every case where the deto- 
nation wave propagated at ideal velocity, p. was found to agree 
within experimental error with the Chapman-Jouguet pressure pj.'   l«*«i 
to the detonation pressure calculat ed from thermohydrodynamic 
theory.  A similar result was found in the study of Ref. 12.  It 
should also be stressed that in most of the loose packed explosives 
the impedance match between the explosive and water was very good . 
Therefore, calculations of pressure in the incident medium in terms 
of pressure of the transmitted medium, through applications of the 
shock impedance mismatch equation, should be very reliable. 

Since the pressure through a detonation wave is given by the 
relation p = piDW one would expect that in non-ideal detonations 
the Chapman-Jouguet pressure,which is defined as the pressure at 
the surface in the wave ahead of which chemical reaction supports 
propagation and behind which chemical reaction lends no support, 
should be given by 

p = (D/D*)2pJ (4) 

379 



Cook,   Keyes,   Ursenbach 

1.0 

0.5 

Composition B 
 cp- 

Speclal  explosive X 

•    Special   explosive  X,   P2 ■ 280  kb   (p,   " 1-84) 

O    Composition  B,   p*  - 230  kb   (p1  -1.7) 
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Flg. 7: 

4.00        6.00 
Charge Length (cm) 

Pressure of the detonation wave (measured by the aquarium 
technique) as a funccion of charge length for 5 cm diameter 
special explosive X and 4.8 cm diameter Composition B 
boostered with 1/2" x 1" pressed RDX. 

where asterisks signify ideal values, P2 being the ideal detonation 
pressure.  Equation (4) assumes that W/D depends only on pi and not 
on D/D*, an assumption well justified by the generality of the 
covolurae-specific volume (a[v] curve for high explosives)3>'-°' 
Comparisons of (D/D*)2 with p/p* given in Tables V and VI Indeed 
show a striking agreement in most cases. 

Some very important information regarding the pressure or 
particle velocity profiles of detonation waves are also apparent 
from this study.  According to the Zeldovich-von Neumann concept, 
which is based upon transport phenomena being negligible in a 
detonation wave, the pressure at the detonation front should be 
approximately twice the Chapman-Jouguet pressure.  Then as chemical 
reaction proceeds the pressure decays along the Rayleigh line to 
the Chapman Jouguet value at the end of the reaction zone.  For 
explosives of reaction zone length of the order of a few mm or less, 
e.g.. Composition B, the presence of the von Neumann spike would be 
very difficult to detect.  As mentioned earlier previous experiments 
to determine the pressure profiles through reaction zones by means 
of the aluminum free surface velocity technique were devotad primarily to 
explosives of very short reaction zone length, i.e.. Composition B. 
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This choice of explosive necessitated the use of very thin plates for 
which the free surface velocity measurements were in question. 
Since there is no reason to believe that an overpressure, if present, 
would exist in a rapidly reacting explosive and not in a slowly 
reacting one, it would seem prudent to look for evidence of a spike 
in slowly reacting explosives.  The blasting agents listed in 
Table VI represent a class of explosives known to possess the longest 
reaction zones of the detonating type explosives and, according to 
any published theory, possess reaction zone lengths sufficiently 
great that a spike could easily be detected by the aquarium technique, 
but no evidence of a spike was observed.  The coarse TNT series, 
especially -4+5 mesh TNT, also have reaction zone lengths which are 
ample for easy detection of a spike by the aquarium technique.  And 
yet with -4+6 mesh TNT in 25.3 cm diameter, where the detonation 
velocity was in close agreement with the ideal value, and the 
impedance match was very good, the pressure of the incident wave 
corresponding to the initial velocity of the transmitted wave was 
found to equal the Chapman-Jouguet value. 

Fig. 8 shows a streak camera trace Illustrating the aquarium 
technique for measuring detonation pressures by transmitted shock 
waves in water.  In this case the charge consisted of a slurry 
explosive detonated in a 5" I.D. steel tube.  Note the slow 
attenuation of the velocity of the shock wave in water.  This is 
typical of large charges which permits an accurate measurement of 
the initial velocity of the shock. 

In conclusion, therefore, since even with explosives possessing 
the longest known reaction zone lengths, the aquarium technique 
measured the Chapman-Jouguet value of the detonation pressure, it 
appears that the highest pressure in the detonation wave is the 
Chapman-Jouguet pressure.  This conclusion is strengthened by the 
fact that such results have been obtained In those cases where the 
characteristic Impedance of the explosive very nearly equalled the 
shock Impedance of the water under which condition computations 
from the Impedance mismatch equation would be expected to be very 
reliable. 

Acknowledgment 

Appreciation is extended to Carl H. Chrlstensen who assisted 
in experimental work and reduction of data for the studies of 
coarse TNT. 

382 



Cook,   Keyes,   Ursenbach 

(ujo) 30NVlSia 

Fig. 8;  Streak camera trace illustrating the aquarium 
technique for measurement of detonation pressure 
(explosive, slurry in 5" I.D. steel tube). 
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LOW PRESSURE POINTS ON THE ISENTROPES 
OF SEVERAL HIGH EXPLOSIVES 

W. E. Deal 
University of California 

Los Alamos Scientific Laboratory 
Los Alamos, New Mexico 

Basic Principles 

When a plane detonation wave travelling perpendicular to a 
plane explosive-air Interface arrives at that interface, a shock is 
driven forward into the air by the expanding explosive reaction 
products and a rarefaction is reflected back through these reaction 
products.  Assuming the detonation wave to be a shock followed by a 
reaction zone of rapidly decreasing pressure (von Neumar spike) 
terminating at the Chapman-Jouguet (C-J) plane which in turn is 
followed by the rarefaction wave from the rear of the explosive 
(Taylor wave), one might expect the air shock velocity to exhibit am 
initial value which decays rapidly* followed by a region of more 
gradual decay. The state behind the air shock after decay of the 
von Neumann spike effect and before appreciable Taylor wave decay 
would correspond to expansion of the explosive reaction products 
from the C-J state  . The Interaction at the Interface between the 
air and reaction products after decay of spike effects is shown in 
the pressure-particle velocity plane in Fig. 1. The coordinates of 
the intersection between the air shock Hugonlot and the reaction 
products isentrope in this plane are the pressure and particle ve- 
locity behind both the forward moving air shock and the backward 

* If, however, the rarefaction reflected into the explosive quenches 
the reaction, there will be a thin layer of unreacted explosive 
carried ahead of the reaction products. The interaction of this thin 
layer of unreacted or partially reacted explosive with the reaction 
products from the C-J state is analogous to the problem of a thin 
foil on the free surface of a moving thick plate of lower shock im- 
pedance. The thin layer equilibrates rapidly to the velocity of the 
thick pushing medium. 

** The C-J state may not be clearly defined for charges of finite 
length and diameter in which case the state at the terminus of the 
reaction zone is intended. 
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moving rarefaction wave into the reaction products (i.e., these two 
quantities are continuous across the interface). Determination of 
the pressure and particle velocity for the air shock thus gives a 
point on the reaction products isentrope from the C-J state. 

C-J STATE 
Q 

vREACTION   PRODUCTS 
JSENTROPE 

s~ INTERACTION 
r      STATE 

PARTICLE  VELOCITY,   Up 

Fig. 1 - Interaction at Air-Reaction Products Interface 

C-J pressures are of the order of 500 kilobars and the air 
shoe« pressures are of the order of one kilobar, consequently such 
determinations allow checking of an equation of state at two widely 
separated pressures.  For a gamma-law equation of state (i.e., P/p' 
■ const.), the P-U isentrope from the C-J state is given by (l): 

where 

U 
P 

0< -  (7 

[PcJ/(o<P0D)]   [l + o<   -(P/P,/]   , 1 

i)/2r. 

and y    =   (p D /P   .)   -  1. o cj 

Insertion of known values for explosive initial density p0 and deto- 
nation velocity D as well as pressure P and particle velocity U from 
air shock determinations yields gamma and C-J pressure Pcj by suc- 
cessive Iteration. These quantities may then be compared to values 
obtained from measurements in metals (2). Error analysis of these 
equations shows xhat a 1^ error in Up corresponds to very nearly l^t 
change in the calculited y  and 3/U^ change in the calculated Pcj. 
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Experimental Technique 

The explosive system for these experiments consisted of an 
explosive plane wave lens of 8-in. aperture which detonated a cylin- 
der of the explosive to be studied on one end. The expansion of the 
reaction products from the opposite end of the cylinder after complete 
detonation then acted as the piston which drove the air shock. A 
schematic of the shot arrangement is shown in Fig. 2. 

DETONATOR 
.CHARGE 
TO  BE   STUDIED 

•AIR   SHOCK  POSITION 
DURING  MEASUREMENT 

EXPLOSIVE 
PLANE    LENS 

M. •SLIT   PLATE 

MARKER 
TAPES 

CAMERA   VIEW 

Fig. 2 - Schematic of Shot Arrangement 

The velocity of this air shock was determined using a 
sweeping image camera to view the luminous shock through a slit 

* The use of the self-iumlnoslty of the shock Introduces uncertain- 
ties in measurements of rapidly varying shock velocity because of 
possible emission relaxation times long compared to the period of 
shock velocity change; however, results quoted here are for es- 
sentially steady state shocks as can be seen from the typical record 
shown in Fig. 5. 
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parallel to the direction of shock travel. An imge of the «lit with 
its scaling markers was swept on the film perpendicular to its 
length.  The writing speed of the camera was adjusted to yield a 
trace angle of about ^5°. A typical good quality record is shown in 
Fig. 3.  The slope of the leading edge of luminosity along with 
camera demagnification and writing speed yield a value for the air 
shock velocity. 

It is possible to deduce particle velocity frcm the shot 
record by use of the slope of the line of extinction of luminosity; 
however, because of effects at the explosive periphery, this edge is 
so much more diffuse than the leading edge that attempts to measure 
it were abandoned in favor of calculating it using an IBM 'JOk 
program (3) developed by Dr. R. E. Duff of this laboratory. The 
program was used to calculate shock parameters for an air mixture 
of 78.11, 20.96 and 0.93 mole percent of Ng, O2,  and A respectively. 
Species N2, 02, A, NO, N, 0, N|, 0^, A

+, N0+, N+, 0+, 0", and 
electrons were included in the calculation. Thermodynamic functions 
given by F. R. Gllmore (4) were used. An individual calculation was 
performed for each shot; thus Initial air temperature and pressure 
needed only to be measured for each experiment, not controlled. 

Charges of 8-ln. diameter and 8-in. thickness made up of 
two U-in. layers were used in all experiments reported here. Three 
shots each were fired for charges of pressed TNT, Composition B, 
77/23 Cyclotol, and Octol. Charge densities were obtained for the 
pieces fired; composition analysis, composition spread and density 
spread within a charge were obtained by sectioning charges prepared 
in an identical manner. These quantities are listed in Table I 
along with the other data. 

Camera demagnification was obtained for each shot from a 
photograph of the slit plate by the shot camera with the image 
stationary.  A correction was then applied to this demagnificatlon 
value because the point of origin of the light in the shock front 
was behind the slit a small distance.  Careful alignment of the axis 
of the charge relative to the optical axis of the camera was neces- 
sary such that these axes were perpendicular at the point in front 
of the charge where the precise measurement was desired.  With an 
object distance of about ^00 inches, variation of the point of light 
emission across the face of a U-in. radius charge could cause as much 
as tl%  variation In the demagnificatlon factor.  In fact, the air 
shock is not perfectly plane as is seen in the framing camera 
pictures of Fig. k  and except for the very first motion this error 
could not be greater than t0.5^. 

Data and Results 

The coordinates of the leading edge of luminosity of the 
camera record were rej-d with a two-axis comparator after first 
aligning the time direction with one axis. The slope of this edge 
was then determined by a linear least squares fit to the coordinates 
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Fig. 5 - Typical good quality smear-camera record. Time increases 
downward; the air shock is moving from left to right.  The gaps In 
the trace are from the fiducial tapes on the slit. 
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Table I - Results of Twelve Experiments 

A - Pressed TNT 
Pure TNT 
p0 =  1.636 *  .002 gm/cc 
D =   .6932 cmAisec. 

Shot 
No. OK 

Po 
bars cm/^sec cm/^isec 

P 
bars 

2172 
2173 
2nk 

285.7 
293.7 
297.2 

.7959 

.8091 

.8091 

.73U0 

.7567 

.71*17 

.6708 

.692U 

.678I 

1*78. u 
503.3 
1+77.6 

B - Grade A Composition B 
62.8 t 0.8^ RDX 
p0 = 1.717  -   .002 gm/cc 
D ■   .7985 cm/nsec 

2167 293.2 .7972 .8673 .7966 651+.9 
2168 292.7 .7972 .8699 .7990 660.0 
2182           301.2           .8100             .8679                .7972 648.7 

C  - 77/23 Cyclotol 
77.0 t O.Tf, RDX 
p0 = 1.752 t  .002 gm/cc 
D =   .827Ü  cm/nsec 

2186 298.7 .8021 .861+0 .7935 6UI.9 
2190 293.7 .301U .8763 .8050 671.0 
2191 291+.2 .8013 .8867 .811+7 685.9 

D - Octol 
77.6 ± 1.5^6 HMX 
p0 =  1.821 t   .002 gm/cc 
D =   .8I+9I+  cm/jisec 

2181 299.2 .8101 .8862 .811+2 681.1 
2181+ 295.2 .8099 .8777 .8063 676.9 
2185 501.2 .8020 .907I+ .8339 702.1+ 
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Fig. h  -  Four pictures selected from a framing-camera sequence of 
twenty-five. The time interval between the pictures shown is five 
microseconds.  The detonation and shock waves are moving upward.  The 
first picture shows the explosive before emergence of the detonation 
wave, the second shows the air shock within one microsecond after 
formation, and the third and fourth pictures show xhe air shock after 
1.7 in. and 3.h  in. of further travel respectively. 
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after first deleting data for about the first l/k-in.  of motion where 
some evidence of curvature was seen and for distances greater than 
the charge radius where edge effects might affect the velocity.  The 
resulting shock velocities (Us) are listed in Table I for the twelve 
shots (three shots for each of four explosives) along with initial 
conditions (T , P ) and calculated particle velocities (U ) and shock 
pressures (P)» Tne detonation velocities given were calculated from 
experimental D-p0 relations obtained by previously described methods 
(5)« The difference between the air shock velocities off Composition 
B given in Table I and tnat quoted in Reference 1 is due to the 
failure to apply a 5^ parallax correction to the Reference 1 gas 
data.  Insertion of values of P, U , p , and D from Table I into 
Equations 1, 2.  and 3 yield y  and FCj by successive iteration. The 
values so obtained are given in Table II and compared with values, 
corrected to the same density, obtained from measurements of the 
shock attenuation in dural (2). 

The rather distinct difference in the TNT y  and P . obtained 
by the two methods indicates that assumption of constant geinma 
equation of state to approximately 500 bars is not justified for 
TNT.  The 7 and Pc. from the two methods for the other three explo- 
sives agree rather well, however.  It is indeed remarkable that the 
assumption of constant gamma holds so well at these widely separated 
pressures, at least so far as hydrodynamic variables are concerned. 
While this agreement does not assure constancy of gamma in the inter- 
vening region, the data of Reference 1 at eleven pressure points for 
Composition B prejudices one to expect constancy of gamma in the 
intervening region for Cyclotol and Octol also. 

393 



Deal 

Table II  - Calculated 7 and P   .  Compared with Dural Data 

A - Pressed TNT 

(kb) 

Shcu No. 
Average 

2.754 + 1.4% 
209.4 t 1.0% 

P.ef. 2 

5.17? 
188.4 

% Differ- 
2172 

2.79^ 
207.2 

2175 

2.70U 
212.2 

2174 

2.765 
208.8 

ence 

7 -15.2 
+11.1 

B - Composition B 

(kb) 

Shot No. 
Average 

2.712 t 0.1% 
294.9 + 0.1% 

Ref. 2 

2.769 
290.4 

% Differ- 
2167 

2.71h 
294.7 

ZL6Ö 

2.707 
295.5 

2182 

2.714 
294.7 

ence 

7 
Pcj 

-2.1 
+1.5 

C - Cyclotol 

(kb) 

Shot No. 
Average 

2.791 - 1.1% 
516.4 + 0.9% 

Ref. 2 

2.798 
515.8 

i Differ- 
2186 

2.831 
315.1 

2190 

2.789 
516.6 

21^1 

2.755 
319.6 

ence 

7 
Pcj 

-0.5 
+0.2 

D - Octol 

(kb) 

Shot No. 
Average 

2.825 t 1.4% 
345.7 t 1.0% 

Ref. 2* 

2.844 
541.8 

t Differ- 
21 Hi 

2.856 
5^2.5 

2lBh 

2.864 
340.0 

2185 

2.769 
548.6 

ence 

7 -0.7 
+0.6 

* This explosive was not reported in Reference 2 
but data were obtained in the identical manner 
described there. 
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STRONG SHOCKS IN POROUS MEDIA* 
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INTRODUCTION 

Various -heories have been advanced to explain qualitatively 
the complex phenomena encountered in the detonation process. The most 
widely quoted of these theories is that proposed by von Neumann (l). 
This theory makes the argument that the Initial shock at the detona- 
tion front is a non-reactive one in which the explosive is compressed 
to a high pressure-density point on the Hugoniot curve for the unre- 
acted explosive.  Then there follows a period of chemical reaction in 
which each of the intermediate unreacted explosive reaction product 
mixtures follows the Rankine-Hugoniot assumptions. Such a theory gives 
rise to a pressure spike in the detonation head, and this pressure in 
the non reactive shock is higher than the Chapman-Jouguet pressure at 
the end of the reaction zone. While this theory is broadly accepted, 
some investigators have failed to observe the predicted spike. Cook (2), 
for example, has proposed an alternate mechanism, particularly for 
gaseous explosives.  This mechanism suggests that the initial shock 
compresses the explosive to a pressure equal to that of the Chapman- 
Jouguet point.  Then the pressure across the reaction zone is equal 
to the Chapman-Jouguet pressure, due to a high thermal conductivity 
In the reaction zone itself. Similar reasoning is then extended to 
solid explosives, and data are presented which seem to support the 
contention that there is no spike in the detonation head. 

Some of the investigators v.'ho have detected the von Neumann 
•pike have found variations in its shape. For example, Mallory and 
Jacobs (3) detected a plateau in the spike for TNT which they inter- 
preted as an indication that the reaction proceeded at an appreciable 
rate only after an inception period. This was evidence that the 
reaction in TNT proceeds according to a thermal mechanism. On the 
other hand. Duff and Houston {k)  observed a sharply peaked pressure 
profile for Composition B with no evidence of a plateau. This was 
«Supported by U.S.A.E.C. under Contract No. AT(ll-l)-528   ~ 
**Consultant, 7 Summit Road, Lake Zurich, Illinois 
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an indication that the reaction is essentially a surface burning re- 
action. Other investigators may find different profiles in the 
reaction zone, depending on the types of explosives studied and 
the experimental techniques used. 

It is readily seen that there are differing views as to which 
model correctly predicts the behavior of the detonation process. All 
of these models are based en purely speculative reasoning which in 
some cases appears to be supported by adequate experimental evidence. 
But in the past the conclusions which were made on the basis of evi 
dence from these various experiments have been contradictory, and this 
in turn leads to the different detonation models. At this point we 
should ask ourselves why has it not been possible to predict an adequate 
model which is based on fundamental considerations and which ties 
together all facets of experimental data.  One reason for this is the 
complete lack of quantitative equations of state for unreacted explo 
sives, narticularly solid explosives.  But in attempting to arrive 
at a reasonable equation of state, the porosity of the medium must 
not be ignored.  Therefore, an experimental technique which enables 
us to obtain data for the derivation of an equation of state for a 
porous material, we believe, should be extended to the application 
of determining equations of state of unreacted solid explosives. 

For the past several years, Armour Research Foundation has 
been engaged in a fundamental research program in the field of nuclear 
reactor safety.  This program has resulted in the development of an 
experimental technique to observe the dynamic response of porous media 
used in the design of blast shields for nuclear reactors.  Various 
porous materials such as Flintkote Insulboard, pine, maple, and redwood 
have been studied at high rates of loading by means of this technique. 
However, this paper is concerned entirely with data on the Fiintkote. 
A Hugoniot curve has been constructed based on the data obtained from 
the prooagation of the shock wave in the medium.  This curve, together 
with basic thermodynamic identities, has led directly to the calculation 
of the temtierature rise across the shock front.  The combination of the 
Hugoniot curve and the temperature data provides the necessary infer 
mation   from which ar equation of state of the Insulboard material 
may be derived. We recognize that these data in themselves have no 
direct bearing on the behavior of explosives.  However, the results we 
have obtained are of interest at a meeting of this type because in 
some ways Flintkote is similar to a solid explosive, especially with 
respect to its porosity. 

397 



Austing, Napadensky, Stresau, Savitt 
- 

EXPERIMENTAL TECHNIQUE 

Shocks in porous media such as Flintkote and wood have been 
observed by means of an experimental technique which also allows us 
to obtain the dynamic stress-strain data of these materials at very 
high rates  of loading.    A schematic diagram of the experimental 
arrangement is  shown in Fig.   1.    Essentially,   the experimental set-up 
consists  of a cylindrical porous  specimen on which a reference grid 
is painted.    The specimen rests between a very heavy steel anvil and 
a cylindrical aluminum or rteei plate, weighing anywhere from one to 
twelve pounds,  as shown in Portxon A of Fig.   1.    We have referred to 
this plate as the  "driving plate".     The top of the driving plate 
contains a cup into which a low density charge of loose tetryl is 
loaded.     The initiation system is  supported  six to eight inches above 
the  tetryl charge,  and consists of an electric blasting cap and a 
tetryl pellet which rests on an aluminum sheet.    The aluminum sheet 
serves as  a source  of fragments to insure a more or less uniform 
plane wave initiation of the tetryl charge. 

We will return to Fig.   1 shortly,  but it is of interest to 
observe  photographs  of the set-up first.    Figure 2 shows a typical 
specimen and its reference grid.    The specimen in this instance is 
1/2 inch thick pine.    Figures  3 and k are  photographs which depict 
the set-up in its various  stages of assembly.    Figure 3  shows a 
1-inch thick specimen mounted between the anvil and the driving plate, 
with the tetryl charge on top of the driving plate.    Figure h shows 
the specimen and driving plate assembly mounted in a shield which 
prevents fragments and smoke from obscuring  the reference grid on 
the  specimen. 

We will now return to Fig.   1.    Here we see a schematic 
representation of the method which we have  used to observe  the dynamic 
response of these porous media.    This consists of a smear camera, 
which contains a narrow slit which is cut in the direction of dis- 
placement and which is  immediately in front of the film.     The image 
of the reference grid is focused on this slit,  and the film travels 
in a direction perpendicular to the direction of displacement of the 
driving plate.    A suitable time interval reference mark is photo- 
graphed onto the moving film,  with the result that we are able to 
obtain a displacement-time record of the dynamic event.    Figure 5 is 
a photograph of the entire experimental set-up.    The  smear camera and 
the associated gear for the timing mark and firing pulse are shown in 
this photograph.     The driving plate is also clearly visible. 

In each experiment then,   the sequence of events  is as 
follows:    A  100-foot roll of film begins its  travel through the 
camera,  and after it has reached proper speed  the blasting cap 
receives the firing pulse automatically from the gear used with 
the camera.    The detonation of the tetryl pellet hurls a spray of 
fragments from the aluminum sheet toward the  loose tetryl charge, 
as shown in Portion B of Fig.  1.    The detonation of the loose charge 
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Fig. 2 - One-half inch thick pine specimen 
showing reference grid 

Fig. 3 - Specimen 
mounted between 
anvil and driving 
plate 

Fig. 4 -Assembly 
of Fig. 3 mounted 
in fragment and 
smoke  shield 

Fig. 5 - The complete experimental 
set-up showing associated electronic 
gear 
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causes a nearly instantaneous acceleration of the driving plate,   and 
the driving plate moves downward so as  to compress  the  specimen,  as 
shown in Portion C  of Fig.   1.    The  specimen in turn resists  this 
compressi-on,   so that eventually the driving plate comes to rest,  at 
which time  the specimen imparts an upward velocity to the  driving 
plate.    Figure 6 shows a  l/2-inch pine specimen, before and after 
compression. 

TYPICAL RECORDS  OBTAINABLE 

At this point it is of interest to view  some    of  the typical 
records which are obtained on the film of the  smear camera.    Such a 
record,   for Flintkote-Insulboard,   is  shown in Fig.  7.     In   ihis figure, 
the bounds  of the  specimen,   the  lower bound of  the driving plate,  and 
the upper bound of  the anvil have been clearly identified.     The refer- 
ence grid on the specimen enables  us  to observe the propagation of the 
shock wave,   as well as multiple reflections  of  the shock wave.    The 
driving plate reference lines are also apparent,  and these are used to 
obtain a dynamic stress-strain curve for the material. 

Figure 8 shows a typical smear record obtained for a pine 
specimen in which the grain was  oriented for application of force 
radial to growth rings.    Here,   the shock wave  travels at a mach higher 
velocity than that through the Flintkote,  and the multiple reflections 
are not apparent. 

HUGONIOT CURVE AMD EQUATION OF STATE 

The data wiich can be obtained from these smear camera records 
which we have just considered enables  us  to construct a Hugoniot curve 
for the material,  and from this it is possible  to calculate  the tem- 
perature rise across   the shock front.     This has been done for Flint- 
kote-Insulboard, and  the procedure which we have used will now be 
discussed. 

The  construction of  the Hugoniot curve,   first of all,  is 
accomplished  through   the  use of  the well-known equations for conserva- 
tion of mass and momentum across a shock front.     These equations are, 
respectively: 

p^D   =   ^(D-u) (1) 

P  = PDu + P (2) 
^00 

where: p   is the density of the medium ahead of the shock front 

p   is the density of the medium behind the shock front 

D   is the velocity of the shock 
u   is the particle velocity behind the shock front 
P   is the pressure ahead of the shock front 
o 

P   is the pressure behind the shock front 
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Fig. 6 - One-half inch thick pine specimen 
before and after compression 

INCH CASINO   11ML 

SI EC 1 MEN R EFER ENGE GRID 

DRIVING PLATE 

COMPRESSION WA\ 
ANVIL 

Fig. 7 - Smear cannera record of the dynamic 
response of Flintkote insulboard 

402 



Austing, Napadensky, Stresau, Savitt 

u 
o 

«♦-1 

-d 
(U -»-> 
Ö 
0) 

• l-t 

M 
o 
d 

•rH 

rt ^ 
M 

Ä 01 
V M 
C d 

•fH •i-t a u 
VH ^ 
o 
a» § 
X o 
c u 
o M 
a, o U) •w 
u 
»H 73 
u 

■i-H 1 
rt 
| 

0) 
o 

•d ^1 

o 
VM  I ■n 

OHH 

T3 O 

O 
u . 

d o 
ft 

<U   ' " 
^1 n) 

2 S 

I 
I 

00 

40 3 



Austing, Napadensky, Stresau, Savitt 

These equations are in a form which assumes that the particle velocity- 
ahead of the shock front is zero.  In terms of specific volumes. 
Equation (l) becomes 

V 
D-u 
D (3) 

where; 
V (= ——)  is the specific volume of the media ahead of the 

» o  shock front 

is the specific volume of the media behind the 
shock front 

From each record, the shock veloci ty of the compression wave 
and the particle velocity behind the shock front can be calculated 
directly from the time displacement slopes of the reference grid. 
These velocities then lead directly to the calculation of the relative 
volume V/V0 from Equation (3).  If it is assumed that the initial 
pressure is atmospheric, the pressure P can be calculated from 
Equation (2) with the knowledge that f* , the density of the medium 
ahead of the shock front, is also the density of the sample before 
being subjected to compression.  This procedure has been employed 
for a whole series of records of experiments on Flintkote-Insulboard, 
and the resulting data points which determine the Kugoniot curves 
for the first shock are summarized in Tables I and II.  On most records, 
the velocity of the shock wave appeared to be constant, but there seemed 
to be a rather random variation in the particle velocities as the shock 
wave propagated through the medium. We were unable to explain this. 
Consequently, the particle velocities as calculated are reported in the 
tables.  This causes a corresponding variation in the pressure and 
relative volume. 

The pressure-relative volume points in Tables I and II form 
the basis for the Hogoniot curve which is shown in Fig. 9. Each dotted 
line corresponds to one set of experimental points from one of these 
tables. As stated above, the unexplained variation in the particle 
velocity, together with the assumption of constant shock velocity, 
causes a corresponding variation in the calculated pressure and relative 
volume across the shock front, and this is reflected in the figure. 
For purposes of comparison, the curve for static compression of the 
medium is shown in Fig. 9 along with the Hugoniots. The static curve 
was calculated from.load-deformation data which were obtained on a 
standard compression test machine. 

404 



Austing,  Napadensky,  Stresau, Savitt 

EABLE I 

Hugoniot Data for First Shock in Flintkote Insulboard, 

1" Thick Specimens 

Shot           Original Shock Particle Pressure, Relative 
N timber          Density, Velocity, Velocity, Volume, 

lb/in3 ft/sec ft/sec psi V 
V

0 

52                0.0103 590 253 586 0.571 
2U9 577 0.578 
2U0 556 0.593 
2i+0 556 0.593 
2hl 559 0.592 
2kl 559 0.592 
2h0 556 0.593 
2h0 556 0.593 
2hl 559 0.592 
232 539 O.606 
230 534 0.610 
228 529 0.613 
228 529 0.613 
23^ 5^3 0.602 
23^ 543 0.602 
226 525 0.617 
230 53^ 0.610 

53                0.0105 565 184 421 0.674 
182 416 O.678 
184 421 0.674 
187 427 O.669 
186 425 0.671 
183 419 O.676 
180 412 0.681 
164 377 0.710 
167 383 0.704 
164 383 0.710 
167 377 0.704 
167 377 0.704 
168 385 0.703 
162 372 0.713 
170 390 0.699 
l6l 370 0.715 
174 399 0.692 
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TABLE I  (Cont'd) 

Shot Original Shock Particle Pressure, Relative 
Number Density, Velocity, Velocity, Volume, 

lb/in3 ft/sec ft/sec psi V 
Vo 

57 0.0102 k67 53 107 O.885 
k8 99 0.897 
^ 9U 0.903 
4'4 92 O.905 
^5 9h O.903 
^3 91 O.907 
he 96 0.900 
46 96 0.900 
^7 97 O.898 
kk 92 0.905 
kk 92 O.905 
k2 88 O.909 
43 90 O.907 
U3 101 0.894 
kk 92 0.905 

132 0.0115 53U 181 1*28 0.662 
169 401 0.684 
166 394 O.690 
162 384 O.698 
170 402 0.684 
172 406 0.679 
168 398 0.686 

135 0.0113 51+2 126 301 O.786 
121 291 0.777 
116 276 O.787 
115 277 O.788 
117 282 0.784 
117 282 0.784 
117 282 0.784 
Ilk 274 0.791 
137 328 O.747 
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TAB^E I (Cont'd) 

Shot Original Shock Particle Pressure, Relative 

Number Density, Velocity,, Velocity, Volume 

lb/in3 ft/sec ft/sec psi 
V 
vo 

136 0.0113 506 156 3I+7 0.692 
•*-J'-' 

157 3U9 0.690 
160 355 0.684 
162 360 0.679 
l60 355 0.681+ 
158 351 0.688 

, 157 3U9 0.690 
156 346 0.692 
156 3^6 0.692 
160 355 0.68U 
159 353 0.686 
157 3U9 0.690 
157 31*9 0.690 
157 3U9 0.690 
157 3U9 0.690 

157 3^9 0.690 
157 31+9 0.690 

137 0.0113 519 75 
68 

177 
162 

0.856 
0.869 

68 162 0.869 
69 164 0.867 
69 l6h 0.867 
70 165 0.O66 
67 161 0.870 
6U 152 0.878 
52 126 0.901 

139 0.0116 528 137 
136 

326 
325 

0.738 
0.738 

135 323 0.7UU 

133 317 0.7^9 
132 315 0.750 
131 31^ 0.754 
132 315 0.750 
132 315 0.750 
133 317 0.749 
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TABLE I   (Cont'd) 

Nuffioer 
Original        Shock 
Density,    Velocity, 

lb/in- ft/ sec 

Particle Pressure. Relative 
Velocity, Volume, 

ft/sec psi V 
Vo 

136 323 0.750 
130 310 O.76O 
127 303 O.766 
12U 297 0.771 
12h 297 0.771 
12k 297 0.771 
12k 297 O.77I 
12k 297 0.771 
12k 297 0.771 

65 136 O.855 
62 130 O.858 
65 136 0.855 
66 138 0.349 
65 136 0.855 
66 138 0.849 
65 136 O.855 
61 127 0.861 
65 136 0.855 
55 117 0.875 
57 122 0.868 
^3 113 O.879 
55 117 O.875 
67 iko 0.847 
67 iko 0.847 
65 136 O.855 
65 136 0.855 

140 0.0113 541 

143 0.0114 443 
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TABLE   II 

Hugoniot Data for First Shock  in Flintkote Insulboard 

1/2" Thick Specimens 

Shot Original Shock Particle Pressure, Relative 
Number Density, Velocity, Velocity, Volume, 

lb/in3 ft/sec ft/sec psi V 
V0 

5^ 0.0100 5^0 167 351 O.69O 
175 367 O.676 
169 355 O.685 
177 372 0.671 
161 339 0.704 
162 3^1 0.699 
155 327 0.714 
I60 337 0.704 
160 337 0.704 

58 0.0103 692 220 600 0.681 
214 584 O.69O 
199 544 0.712 
187 51° O.729 
181 496 0.738 

59 0.0106 620 53 14^ 0.915 
52 142 O.916 
49 135 0.920 

"'   48 133 0.921 
60 162 0.902 

62 0.010J+ 81+5 25 94 O.97O 
2h 91 0.983 
27 102 O.968 
27 102 O.968 

133 0.0112 564 162 395 0.713 
15* 376 O.726 
152 372 0.730 
153 373 O.728 
1U8 360 0.737 
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TABLE II   (Cont'd) 

Shot Original      Shock Particle Pressure, Relative 
Number Density, Velocity, Velocity, Volume, 

lb/in3          ft/sec ft/sec psi V 
Vo 

lk2 0.0112        "    528 • '122 2Qh 0.769 
118 275 0.775 
118 275 0.775 
1?? 284 O.769 
135 312 0.7^6 
132 305 0.751 
135 312 0.7^6 
132 305 0.751 
131 303 0.752 
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Several considerationü were involved in attempting to fit an 
equation through the experimental Hugoniot points:   (l) Since a Hugoniot 
curve is a locus of end points  on a shock compression,  the curve must 
pass  through the initial point  (V/V0 =1,   P = 14  psi) and a point which 
represents a reasonable average of the Hugoniot points;   (2)  the equa- 
tion should have an asymptote at some finite relative volume between 
zero and one,   since a porous material will approach a limiting density 
as the compressive stress increases  to very higl values;  and  (3)  the 
equation should be as simple as possible.    The static stress-strain 
data for Flintkote-Insulboard (the same data which are represented in 
Fig.  9) at very high stresses were used to calculate the relative 

volume asymptote, with the result that 

Lim |- = 0.135 
P —*■ eo   O 

This is shown as a vertical dotted line in Fig.  9.    To determine what 
mathematical function would best describe the experimental points, we 
attempted to rectify the data.    In so doing we discovered that two 
types  of plots yielded essentially straight lines.    These included the 
plots of pressure    P versus  l/(v/V0 - 0.135) and log    P versus 
log(v/V0 - 0.155)•    Since  the former of these plots was simpler and 
would yield a function with a relative volume asymptote,   the equation 
of the Hugoniot was assumed to fit a hyperbola of  the form 

(P + a)   (|- - 0.135)   = k 
o 

Determination of the constants a and k showed that this equation is 
as follows: 

638 

"7- - 0.135 
o 

72k (U) 

Equation (4) has been plotted in Fig. 9- 

The method for the calculation of the temperature rise across 
the shock front was suggested to us in a published article by Walsh 
and Christian (5)- We have used this method, but have derived the 
working equations in a slightly different manner.  Our derivation 
begins by assuming that energy is a function of temperature and volume, 
that is 

E = E(T, V) 

_ _.    . , 
The thermodynamic identities used in this derivation can be verified 
in any good thermodynamics text. For example, reference (6) is 
suggested. 
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from which 

dJE = ( ^r^' I      dT + | =— |      dV 

** =   cvdT + (H)      dv (5) 
T 

where C    is  the heat capacity at constant volume.    From the first law 
of thermodynamics, 

dE  =    TdS   - PdV (6) 

Differentiating equation (6) with respect to volume at constant 
temperature,  we have 

mT'-*mT-' 
However,   the thermodynamic identity 

m. ■ (n) T \"-V V 

may be  substituted into equation (7) with the result that 

m.-<m. (8) 

Substitution of equation  (8)  into equation  (5)  results in 

[<^v-P] dE     = C dT -t     iTl-r^l      -   P   I dV 

from which 

dE s'i'-di) -     o 
The Hugoniot equation for conservation of energy across a shock front 
is 

£ ' Eo = I (P + Po)(Vo -V) 
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Differentiating this equation,  we obtain 

-^- =   - i (P +  P  )   +    i  (V - V)(^) 
dV 2  v o 2  v  o      MdV' (10) 

Hugonlot 

Substitution of equation (10) into equation (9) results in tte 
fcllcwing    differential equation: rm 

dT 
dV 

UT/ 

\   2     /CdV )   „_,* 
P-P 

Hugonlot 
c ^^ 

Equation {h),   the empirical Hugonlot equation,  may be differentiated 
with respect to volume as follows: 

(§-) _628_ 

Hugonlot Vo(f - 0.135)2 
(12) 

Equations (h)  and (12) may be substituted into equation (ll).  If P 
is assumed to be equal to ih  psi, equation (ll) reduces to the 
following: 

dT 
dV 

^T;
T 

T = 
(^- -0.135) 

o 

 212  
(-| - 0.135) 

o 

- 369 (13) 

Equation (13)  is a linear differential equation in which    C      is 
assumed to be constant,  and in which    (<^ P/<> T)v    and 

319-2fl 319 

(-|- - 0.135) (-|- -  0.135) 
369 
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are functions of volume alone. For purposes of simplification, let 
(41) 

2  -  369       (15) 

(f-D 
f(-^—) - 319 

o 
-ii2_ 

i-f- - 0.135)*        (-^- - 0.135) 
o o 

so that equation  (13)  simplifies to 

dT 

o 

V b  T o V o 
(16) 

where the differential d(v/V0) has been introduced to put equation 
(16) into a from which is consistent with equation (15). To solve 
equation  (l6),   it is necessary to introduce  the integrating factor 

ß V vob d<i-> 
o o 

such  that 

o 
dT 

c 

+ V bT 
o     L 

vob<T-J 

^f(—) V   ' LT o 

o 
(17) 

Integration of equation (l?)  results in 

VoM^ V /"      v \^J       v 
0    = c  +    ^ f (-f)  e 0 d(-f) 

Sr    / o o 
(18) 
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The integration constant    c    can he evaluatod from the following 
houndary conditions, 

T = To,     ^-    =1 
o 

Equation  (l8)  then red-aces to the following expression for temperature 
as a function of relative volume: 

o T = T    e +    pr- o cv 

7. 
f(|-)  e ' a(|-)       (19) 

O O 

Equation (19)  is the working equation which enables the calculation 
of the  temperature rise across the  shock front. 

The integration of the function 

o o 

in equation (19) was performed graphically.  The value of the specific 
volume VQ was obtained from the average of the experimentally deter- 
mined values from each experiment. The value of the heat capacity 
Cv was estimated to be 0.25 cal/gm "C. The exponent b contains the 
partial derivative (dp/*JT)y which can be evaluated from the 
thermodynamic identity 

Here, (^ (V/V )/äT) p is the thermal coefficient of volume expan- 

sion (estimated to be 0.0000l/oC), and  ^* P/d (V/V )JL  can be 

obtained from the static curve in Fig. 9.  The exponents in equation 
(19) were of such small magnitude that 
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e 0   -a* 1 

e 0 » 1 

so that to a very good approximation 

d(|-) (20) 
o 

Thus, the graphical evaluation of equation (20) leads directly to the 
determination of the temperature increase. The results of this cal- 
culation as a function of relative volume are as follows, assuming 
that the specific heat of the medium remains constant: 

Relative Volume , V/V      Temperature Rise, 0C 

1.0 0 
0.9 0.01 
0.8 0.05 
0.7 0.19 
0.6 O.58 
0.5 1.58 

These data are plotted in Fig. 10, and show an almost insignificant 
temperature rise even in the region of our strongest shock at about 
v/v = 0.65. 

DISCUSSION 

The experimental technique which was described earlier in 
this paper has made  it possible to_calculate data which may be  used 
to derive an equation of state for a porous material.    The Hugoniot 
can be  calculated directly from one  record.    This  has been done for 
Flintjcote-Insulboard, with the result that the strongest Hugoniot 
compressions have been to pressures of about 550 psi and relative 
volumes of about O.65.    The  temperature rise associated with a shock 
wave of this strength is in the neighborhood of 0.3*0.    This data 
appears to be consistent in general with that reported by Walsh and 
Christian (5), who report a rise of 15*0,  for example,  at a shock 
pressure of   15 kilobars in aluminum. 
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We feel  that this experimental technique can be used to 
obtain similar   data for the construction of an equation of state 
for non-reacting explosives.    Napadensky,  Stresau,  and Savitt  (7) 
have obtained smear camera records of the propagation of non-reactive 
shocks in explosives.     These records are  similar to those shown in 
Fig.  7 and 8, but the velocity of the shock wave is too great for 
accurate analysis.    This  problem will be solved by the use of  smear 
cameras which write at higher speeds. 
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THE BEHAVIOR OF EXPLOSIVES AT IMPUISIVELY 
INDUCED HIGH RATES OF STRAIN* 

H. S. Napadensky, R. H. Stresau , and J. Savitt 
Armour Research Foundation 

Chicago 16, Illinois 

Experimental Technique 

A sensitivity test has been devised wherein cylindrical 
specimens of explosives of the order of a pound in weight are 
squeezed between an explosive driven plate and a massive anvil. 
The experimental technique is illustrated in Fig. 1. Essentially, 
the metal plate is accelerated by means of the plane wave initiation 
of a low density charge of high explosive in such a manner as to 
compress the explosive test specimen.  The motions of the plate and 
the lines of a reference grid which is stencilled on the specimen 
are observed either by means of a Fastax Streak Camera which records 
time-displacement histories, or by means of the Beckman and Whitley 
Model 189 Framing Carmera which records the behavior of the whole 
surface of the sample under impact. 

A typical streak camera record is shown in Fig. 2. The 
acceleration of the plate is so nearly instantaneous that the acceler- 
ation time is barely resolved by the streak camera. The subsequent 
negative acceleration by the action of the specimen, which shows as a 
quite measurable curvature of the streak camera recora, is a measure 
of the pressure exerted upon the driving plate by the specimen and, 
hence, of the stress within the specimen. For each point on the curve 
it is then possible to measure the displacement which is proportional 
to the strain of the specimen; the first time derivative (or slope) 
which is proportional to the rate of strain; and the second time deri- 
vative 'or curvature) which is proportional to the stress in the 
materiax. Dynamic stress-strain data are thus obtainable. The propa- 
gation of compression waves through the sample is visible as-the 
progressive displacement of the reference lines stencilled on the 
specimen.  Thus, both the non-reactive shock wave propagation velocity 
and the particle velocities can be measured almost point-to-point 

» Supported by AFSWC under Contract No. AF29-(60l)-2133   ""   ~ 
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over the area of a record such as Fig. 2.  Continuity and momentum 
conservation conditions may he applied to reduce these data to 
shock pressure-density relationships for the explosive. 

An example of a Beckman & Whitley Framing Camera record of 
the dynamic compression of an unconfined cast Comp B specimen is 
seen in Fig. 3-  (The event is front lighted by means of an Argon 
Flash Bomb).  The deformation of the specimen is clearly seen. The 
over-all geometrical change in the specimen is noticeable as a gradual 
"mushrooming" of the cylinder with time.  Stripes were drawn on the 
explosive every 1/^+ of an inch. The changes in distance between 
stripes, as one proceeds from frame to frame, can be used as a measure 
of local changes in density with time.  One can observe the non-react- 
ive shock wave as it travels through the specimen.  This is noticeable 
on the prints as a progressive brightening of the surface of the 
sample. From Fig. 3> the non-reactive shock velocity and pressure 
within the specimen are readily calculated. 

Typical Records and Interpretation 

With an experimental technique as the one described above, 
it is possible to observe the behavior of the explosive over a wide 
range of impulsive loading conditions, by varying the mass of the 
driving plate, the quantity of driving charge used, and the size of 
the explosive test specimen. At one extreme the shock transmitted 
through the driving plate is of sufficient intensity to initiate 
detonation before or at the instant it reaches the face of the anvil. 
Examples of this are seen in Figs, k,   5, and 6. Figure k  shows 
selected frames, taken h  microseconds apart, of the compression and 
initiation of an unconfined cylinder of Comp B, 3 inches in diameter 
by 3 inches high, weighing 57° grams. The force was applied by means 
of a steel plate weighing 1418 grams which impacted the explosive 
specimen at approximately 600 ft/sec. The time between impact and 
initiation was about 26 microseconds. A high-order detonation of the 
explosive appears to have started at the bottom of the specimen as 
evidenced by the bright spot at the bottom of frame 6, indicating the 
incention of the reaction at the explosive-anvil interface. The 
shape of the detonation profile as seen in frames 7 and 8 also shows 
that the detonation starts at the bottom of the explosive and moves 
upward into the previously shocked specimen. Figure 5, showing 
selected frames 1.05 microseconds apart, is another example of deton- 
ation occurring at the instant the shock wave reaches the anvil. In 
this case the center of reaction appears to begin in the lower left- 
hand comer of frame k,   12.5 microseconds after impact, and progresses 
back upward into the specimen. The explosive sample was ykOh  FBX, 
2.5 inches in diameter by 2.3^ inches high. Figure 6 shows the impact 
and the initiation of a cylinder of 9k0k  PBX, 2.5 inches in diameter 
by 2.34 inches high.  'The time between the frames is I.05 microseconds. 
In this case the shock intensity was of sufficient strength to initiate 
detonation before it reached the face of the anvil.  The detonation 
is first observed in frame 7 and appears to have started at about 
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Fig. 3 - Framing camera  sequence owing deformation under 
impact of a cast Comp B cylinder,  . indicate  shock front, 
4   microseconds   between   frames. I   light   to  the   left   of 
frames  16-Z1 is that of explosive U ource appearing in the 
field of view.) 
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Fig. 4 - Framing camera sequence showing impact initiation of 
an unconfined Comp B cylinder 3 inches diameter by 3 inches 
high.    4 microseconds between frames. 
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5 10 

Fig. 6 - Framing camera sequence showing forward and 
reverse propagation of a detonation in 9404 PBX, 1 micro- 
second between frames. 
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1.6 inches from the top of the sample. The reaction occurs 10.5 miqro- 
seconds after impact, and propagates both in the forward and reverse 
direction.  In these cases the initiation mechanism is probably 
similar to that of earlier experiments of Cachia and Whitbread (l), 
Eichelberger and Sultanoff (2); Cook, Pack and Gey (3); Marlow and 
Skidmore (k);  and Savitt (5).  They have observed that the depth in 
the explosive at which initiation occurs depends upon the pressure 
of the incident shock, the lower the pressure the deeper the point of 
initiation.  This has been explained by Cosner and Sewell (6) by the 
fact that if the shock wave entering the charge is above a minimum 
intensity it will be supplemented by a chemical reaction; the pressure 
build-up from the reaction is dependent on the shock intensity.  There- 
fore, when the initial shock intensity is high, the pressure build-up 
from chemical reaction is fast, and so initiation takes place near the 
explosive-metal interface. When the initial shock intensity is lower, 
the pressure build-up from the "hemical reaction is slower, and 
initiation takes place farther from the explosive-metal interface. 
An alternate explanation may be based on the generality that reaction 
rates in explosives are so highly dependent upon temperature, that 
for a rate of any given order of magnitude, it is described with fair 
accuracy in terms of a threshold or ignition temperature, combined 
with applications of the general principles of the behavior of non- 
reactive corapressive waves. A shock traversing a barrier or gap, is 
generally modified, particularly in its pressure-time profile, by 
impedance discontinuities and the reverberations of the gap or medium. 
The important contrast of the emergent wave to the incident wave is 
the lack of the nearly discontinuous increase in peak pressure which 
is characteristic of a stable shock. As the emergent wave propagates 
through the acceptor explosive, the higher pressure components of the 
wave tend to overtake the front so that the discontinuous pressure 
rise at the front increases in magnitude. Since the temperature 
increase associated with a single Hugoniot compression to a given 
pressure is appreciably greater than that associated with either 
adiabatic compression or a series of Hugoniot compressions to the 
same maximum pressure, the threshold temperature for a reaction rate 
of the order of magnitude of that associated with detonation is 
attained when the discontinuous rise at the front acquires sufficient 
magnitude.  It is probable that, in some cases, this mechanism is 
combined with that suggested by Jacobs (?) in which the overtaking 
wavelets are evolved as a result of incipient reaction of the explo- 
sive, due to the passage of the essentially nonreactive shock. 

At the threshold of initiation, however, the time between 
initial movement of the plate and the evidence of explosion is long 
enough for many reverberations of the shock between the driving plate 
and the anvil.  The streak camera record shown in Fig. 2 is an example 
of an observation of this type.  It shows the impact and subsequent 
initiation of a Comn B specimen,  3 inches in diameter by 1/2 inches 
in height, weighing 90 grams.  It was impacted by a steel plate 
weighing 1^75 grams, at a velocity of 206 ft/sec.  The time from 
initial impact to initiation was about 200 microseconds. Here the 
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mechanism of initiation is probably similar to that proposed by 
Wenograd  (8),  whose comparison of impact experiments with reaction 
kinetic data suggests  that an impact explosion of high explosives is 
a phenomenon intermediate between a low temperature thermal decomposi- 
tion and a detonation.    It might be noted that the  time  to reaction 
observed here is of the  order of  that assumed by Wenograd for the 
duration of impact. 

A third mechanism ic implied by observations,   in some in- 
stances,  where the explosion originates in explosive dust external  to 
the original charge dimensions.    The streak camera record of Fig.   7 
is one of many observations of this behavior.    It illustrates the 
response  to impact of a Como B specimen,   3  inches  in diameter by 
1 inch high,  weighing l8l grams.    It was impacted by an aluminum plate 
weighing 50^  grams,   at a velocity of about 600 ft/sec.     In this example 
wide  strines were nainted on the specimen.     The broad bright vertical 
bands seen on the  left of Fig.  7 is  light from the reacting explosive. 
In this case  the time from impact to reaction is about 280 microseconds. 

Where no explosion results,  data are obtained regarding the 
shock pressure -density  relationships for  the  unreacted explosive as 
well as  the  inter-relationship of  stress,   strain,   and  strain-rate  in 
the impulsively loaded explosive specimen.     Some of the data obtained 
thus far are plotted in Fig.   8,   stress vs  strain,   and Fig.  9^   strain 
vs  strain-rate    for Comp B. 

Conclusion 

The  imnortance  of nonuniformity  of  energy distribution in 
initiation Is  clearly illustrated  in these   experiments.     The  change 
in internal energy density as  calculated  from shock hydrodynamics 
or from changes in kinetic energy  of  the driving plate is  never 
sufficient to raise  the average  temperature  to a point where rapid 
reaction should be  expected.     An example  of  this  can be  shown by 
referring  to  the  experiment whose  framing camera record  is illustrated 
in Fig.   4.     One  can observe   the non reactive   shock wave  as  it  travels 
through the  specimen.     This  is noticeable as   the progressive brighten- 
ing  of  the   surface  of  the  explosive.     From  this observation,  a shock 
velocity of about  10,000 ft/sec  is  calculated.    A  particle  velocity 
of 600 ft/sec     is  obtained from streak camera  observations.    From the 
conservation equations for a  shock wave  one  readily  calculates;  a 
pressure  of 9 kilobars,   and a density of  1.7 grams/cm^,  which results 
in an energy increase  of h.07 cal/gram for  the  shocked explosive. 
The maximum possible  temperature rise due to  the internal energy 
increase calculated  (assuming a specific heat of 0.2k cal/gra for 
Comp B)  is only 17<>C. However,   if one calculates the temperature 
rise due to the adiabatic compression of a tranoed gas bubble, by 
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Fig. 8 - Stress vs strain curves for Comp B 
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the  relatlonshiD    T/T =  (P/P0)^^     ,   a  temüerature rise of about 3500oC 
Is  obtained.     But even this   tenroerature  rise,  which is  about 10 times 
»he  critical hot snot  temtierature  needed for initiation,   does not 
insure  a  reaction growing to coraületion.     The heat and  gaseous  nro- 
ducts  generated  as a result of  the  conroression must evolve in the 
explosive charge more rapidly than they are disslnated in order for 
the  reaction to accelerate. 

One can easily  realize  that the  value  of the  data obtained 
in innact  sensitivity experiments may be  increased considerably by 
theoretical considerations  of the inroact initiation orocess.       The 
initiation nrocess  is clearly quite  conmlex.     However  the analysis 
of  simolified  models which are  still  representative  of  the  condition 
within  the  explosive,  after inmact,   might be  tractable.     One such 
model has been  suggested by  the authors   in an earlier naper   (9). 
This model  assumes  that in a  oorous  exnlosive  material: 

(1) A  sudden imoact  load has  resulted in the compression of 
interstitial  gases. 

(2) This  comnression is  not  uniformly distributed. 
(3) At  some  noint in  the  explosive   the  pressure  is  anpreciably 

higher  than elsewhere. 
(h)     The   compression has  heated  the  gas  to above   the  "ignition 

temperature"  for the  explosive. 
(5) The  nrincipal mechanism of  reaction propagation is  that of 

"deflagration". 
(6) The princinal mechanisms  of heat dissipations is  the flow 

of  the product gases  through the interstices. 
In  this model  of a porous  explosive medium,  we  assume   that  the  inter 
E-itial       spaces,   a  volume which is   .smF^.M compared  to  the  exnlosive 
charge and  large compared with an individual particle  or pore,  are 
filled with hot compressed  gas.     The  gas  flows   through the porous 
medium at a  rate   that is  related  to  the  pressure  gradient by the 
partial differential equation 

k        ^2 p  1+m    _     ^Pm 

^(l-m)f V     " -     ?t    ' 

where  m  =  ratio  of  specific  heat at constant volume  to  that at constant 
■nressure,  /(* = viscosity of  the   gas,     f  =  porosity of  the explosive, 
k  =  nermeability  of  the  explosive,   t  =  time and  P = pressure  of  the  gas. 

At  the  same  time   the exnlosive  deflagrates at  the grain surface 
at a  rate related  to  the  nressure by an emnirical formula of  the form 
U  = a+b?^ .       Since  PV = nRT,   and dn/dt  =  (v/Ri'KdP/dt),   and 
UA  =   (a+bPv)    A  = dn/dt  the  substitution    dP/dt  =  l/m    Pl'm    dPm/dt 

results  in  the  equation  (a+bPv)       AKTm/VP"1       = dPin/dt,   where A is  the 
surface area  of particles  per unit volume. 

433 



Napadensky,  Stresau,  Savitt 

The complete relation between the evolution and the dissipa- 
tion of gas in our system is now given by 

k       2Dl+m   .   /_ .^«xrJB-l        ART m      dPm 

Mi**)t v p     + (a+bP)p dt 

In the three-dimensional case, because of spherical symmetry we can 
write the above equation as 

k ,9 2P1+m +    2    £P^.  +  f    .    V       „..  ARTm      ^ 
/^(l+m)f ( p r2       +    r    77       )  +  (a+bP    )  ^      "IT " "dt' 

2    2 
-r p, 

with the boundary conditions,     P(r,o)   = p +Ppa (o^r^r  ) 

Ptrvt)  = P1 (t ^o) 

dr(o,t) = 0 
dr 

The solution of the above equation will enable  us to determine under 
what conditions an exoanding reaction will occur which will carry on 
to detonation,   and when the  reaction is  dying.     This  dying reaction 
can occur when the rate at which the gas is flowing out of the system 
is  greater  than the  rate  at which it is being evolved,   due  to burning 
of the explosive material.     Data  of  the .tyr>e  reoorted  herein will aid 
in the  interpretation of   solutions   to  the  equation. 
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INITIATION AND GROWTH OF DETONATION IN LIQUID EXPLOSIVES 

F. C. Gibson, C. R, Summers, 
C. 11. Mason, and R. W. Van Dolah 

Bureau of Mines 
Pittsburgh, Pennsylvania 

Introduction 

The mechanism whereby detonation Is Initiated In condensed 
phase explosive systems, though the subject of many experimental and 
theoretical Investigations, continues to elude definition.  Of con- 
tinuing Interest In the hlgh-exploslves field, sensitivity to Initi- 
ation of detonation has assumed Increased Importance In the liquid 
monopropellant and high-energy solid propellant fields.  This sensi- 
tivity Is typically evaluated, among other methods, by a gap-sensl- 
tlvlty test where the sample, suitably contained, Is subjected to 
shock from a standard explosive donor after attenuation by passage 
through an Inert barrier.  The development of this test Is described 
by Jacobs (1).  One form has been recommended as a "standard test" 
for evaluating the sensitivity of liquid monopropellants (2). 

Although the gap test Is capable of yielding quite repro- 
ducible results when applied to many systems, many anomalous results 
occur.  As an example, neat nltromethane will yield nearly Identical 
"gap values" whether the containing cup Is of aluminum or steel. 
Other systems, such as 50-50 nltroglycerine-ethylene glycol dlnl- 
trate, (NC/EGDN), show a much lower apparent sensitivity (smaller 
2ap value) In steel cups than In aluminum cups, with glass cups giv- 
ing even smaller gap values.  Clearly, the test does not measure a 
sensitivity that Is characteristic only of the liquid explosive 
alone; rather, the sensitivity measured depends, in part, upon the 
nature of the containers.  Further, Cook and associates (3) have 
pointed out that the mechanism whereby initiation occurs under card- 
gap test conditions may be extremely pertinent to the problem of de- 
flagration-to-detonation transition in solid propellants.  With 
these problems in mind, the Bureau of Mines began studying the card- 
gap test. 

Many theories of initiation have been proposed (3-7). 
Bowden's hot-spot theory, originally developed for the drop-weight 
case — which relies on the adlabatic compresslonal heating of 
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bubbles — has been criticized by Bolkhovitinov (8) and by Johannson 
and Selberg (9), who point out that the relaxation times for the min- 
ute bubbles postulated to be present are too short for the compres- 
sion to be adiabatic.  Bolkhovitinov hypothesizes an alternative 
mechanism where the crystallization of the liquid under pressure is 
the causative heat source.  Johannson (10) proposes that vapor or 
droplet burning In the bubbles must be responsible for the initiation 
at low-Impact energies.  Indeed, Bowden and Jafee recognized the im- 
portance of the vapor-phase decomposition in the initiation of liq- 
uid explosives. Andreev (7) suggests that the burning of a droplet 
suspension is Important in the transformation of deflagration to 
detonation.  Interestingly enough, this same idea of a burning sus- 
pension of particles of explosive is postulated by Cachia and Whit- 
bread (11) as being important  in their experiments on the shock ini- 
tiation of single crystals of Cyclonite (HDX),  In considering the 
Initiation of air-free nitroglycerin, Selberg (12) attempts to cal- 
culate the particle velocity of the shock wave required.  In con- 
trast, Cook and comtemporaries (3) suggest that initiation occurs 
only with the development of both a pressure-generated "metallic 
state" and a "plasma" which can provide the postulated requirement 
of high heat conductivity.  A further consequence of this theory is 
the projection of a "plasma" from the end of the charge under some 
conditions (13).  Jacobs (1), however, has suggested that the exper- 
iments described by Cook may be explained by alternate hypotheses. 

We believe the results reported herein suggest a mechanism 
for initiation under card-gap test conditions and provide, as well, 
a possible explanation for the off-the-charge-end "plasma" phenome- 
non. 

Experimental Details 

Liquid systems were chosen by the Bureau of Mines because 
they are more amenable to photographic study.  Shock and detonation 
phenomena were examined by direct- and schlieren-photographic meth- 
ods and by a resistance element technique recently developed to 
measure continuously detonation velocities (14).  The photographs 
were made both.with an instantaneous (0.5 p. sec. exposure) Rapa- 
tronic camera- and the Cordin high-speed framing camera- of the U. £ 
Naval Propellant  Plant at Indian Head, Maryland. 

1/ A product of Edgerton, Germeshausen and Grier, Inc., 160 Brook- 
line Ave., Boston, Mass. 

2/ A product of the Cordin Company, 1637 Pioneer Rd., Salt Lake 
City 4, Utah. 
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Several  charge  configurations were used  In these experi- 
ments.     Initiation was  accomplished  by an attenuated  shock wave,   from 
an explosive  donor,   into the transparent vessel  containing the liquid 
explosive.     A drawing of   a typical  charge configuration is  shown in 
Figure 1. 

Preliminary work indicated that  a rubber barrier would be a 
satisfactory   shock  attenuator  to yield delayed  ignitions  and  consid- 
erable predetonation activity of interest.    Typically,   it was found 
that   a rubber barrier 2.6  cm.   thick would  provide Initiation delay 
times of   5  to  15  n  sec.   for granular  explosives  and about   50  n sec. 
for  the 50-50  nltroglycerln-ethylene  glycol-dlnitrate   (NG/EGDN)  mix- 
tures used  for most  of  this investigation.     In  some experiments,   the 
usual   stack  of  cellulose  acetate cards   (2)   was  employed with compara- 
ble results. 

To  permit   a  study of   the  effects of geometry and wall mate- 
rials,   the confining vessels used were either round  Plexiglas  tubes 
or  tubes having square cross  sections  where the front   and  rear   (view- 
ing  sides)   were Plexiglas;   the  side walls were  steel,   aluminum,   or 
Plexiglas.     In most   cases   a mirror was  positioned  at   45°   above the 
tube to provide a  simultaneous  end-on view of  the event.     In other 
cases,   a steel witness  plate,   1/4 inch thick,   was positioned on top 
the charge. 

Because the early stage of  the  shock excitation is nonluml- 
nous,   it was  necessary to provide background  light  to silhouette the 
event.     This  was provided  by an exploding wire fabricated  of   a 10-cm. 
length of  5  mil.  aluminum wire.    A simple white paper corner reflec- 
tor was positioned behind  the wire.    A capacitive discharge energy of 
216  Joules was  applied to  the  wire through a  synchronizing hydrogen 
thyratron with suitable delay provided to allow optimum buildup of 
luminosity.     The exploding wire was placed 7-1/2  cm.  behind a trans- 
lucent  paper   screen which was,   in most   cases,   ruled with  lines one 
centimeter  apart to  provide convenient   reference. 

The  donors were   14 gram tetryl   pellets  initiated  either by 
a No.   8  electric blasting  cap or  a  short   length of  Primacord  which 
was,   in turn,   initiated by a No.  8 blasting cap.     All  tests were con- 
ducted with  the liquid  at   a temperature of   250C. 

Experimental   Results 

A complete  framing-camera  sequence of   one explosive  test. 
Figure 2,   illustrates  the   complexity  of   the  initiation process. 
This  charge  configuration  was   identical   to  that   shown  in Figure  1, 
except  that   the charge contained  a resistance element.     The  vessel 
was   a  23  mm.   l.d.   Plexiglas  tube,   11   cm.   long,   filled  with NG/EGDN 
and   shocked  by  a 14-gram  tetryl   donor   through  a  2.6  cm.-thick  rubber 
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13 19 25 

12 18 24 

11 17 23 

10 16 22 

15 21 

14 20 

Fig. 2 - A framing camera sequence of the initiation and 
growth of detonation in a NG/EGDN mixture, contained 
in a 23 mm. i.d. tube. Both axial and peripheral initia- 
tion is shown. The interframe time is 4.2 sec. and the 
frame exposure time is 1.4 jisec. A resistance element 
was prepositioned in the charge. 
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barrier.  Interframe time was 4.2 p. sec. and the exposure time per 
frame was 1.4 ^ sec.  The end-on view of the event appears in the 
mirror inclined at about 45° to the charge axis and positioned off 
the charge end. 

In frame 3, the shock wave is seen emerging from the bar- 
rier.  A nonluminous disturbance moves up the tube at a rate of about 
1,6 mm/V sec.; this is slightly higher than sonic velocity for the 
liquid.  In frame 9, about 25 ^ sec. later, an axial disturbance, 
nonluminous in its early stages, begins to appear.  Later, this dis- 
turbance develops into a spearhead, showing a lateral, luminous 
growth at its base and moving downstream through the column at 
2.5 mm/p.  sec.  This Is approximately sonic velocity for the cylindri- 
cal plastic container.  This axial disturbance would thus appear to 
result from the interaction of the transverse waves generated in the 
liquid by the compression waves in the vessel wall. 

In frame No. 12, the reaction occurs not only on the axis, 
but early peripheral Initiation also is seen in the mirror view.  In 
frame 13, the luminous reactive region is seen to develop at the 
interface between the liquid and the vessel wall, but little lateral 
pressure is created.  By frames 15 and 16, two initiation regions are 
indicated and the vessel has begrün to yield.  The axial disturbance 
has reached the charge end and has spread along the meniscus in 
frame 15 and a suspension of droplets is driven off the end in a 
fountain-like ejection. These particles decompose during passage 
through the atmosphere above the charge, as indicated in the end-on 
view of frame 18 and later frames. 

The peripheral initiation of the NG/EGDN mixture is more 
clearly shown in the selected frames (18, 20, 22, and 24) taken from 
another shot, Figure 3.  This sequence was photographed with an in- 
terframe time of 1.4 u, sec. and an exposure time of 0.90 [i  sec.  The 
diameter of the confining vessel was 35 mm. i.d., about 50 percent 
larger than that used In the tests described in Figure 2; the length 
was the same.  Because of the greater diameter, the axial disturb- 
ance was less severe and initial luminous reaction occurred only at 
the liquid explosive-vessel wall interface, as shown clearly in the 
end-on view (Figure 3).  The hairy structure of the products cloud is 
perhaps caused by the ejection and subsequent reaction of explosive 
after passage through the longitudinal tension cracks in the plastic 
vessel wall.  The broad luminous zone is propagating at a rate of 
about 7 mm/p. sec.  This is approximately the normal hydrodynamic 
velocity for detonating NG/EGDN. 

The Intense spearheaded axial disturbance, evidenced in 
Figure 2, is further illustrated in Figure 4.  In Figure 4, the ves- 
sel was not Instrumented with a resistance element.  This single 
frame 0,5 p.  sec. Rapatronic camera photograph shows the opacity 
caused by the wall-liquid interaction at the vessel top and the 
cracks at the base from which liquid explosive is later ejected. 
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18 20 22 24 

Fig. 3 - Selected frames of a sequence in a 35 mm. i.d. vessel 
showing only peripheral initiation in a NG/EGDN mixture. The 
interframe time between adjacent frames was 1.4 ßsec. and 
the frame exposure time was 0.90  ftaec. 

Fig. 4 - A Rapatroric camera 
photograph, single frame expo- 
sure, showing the predetonation 
activity in a column of NG/ 
EGDN. No resistance element 
was employed. Exposure time 
was approximately 0.5 sec. 
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The early suspicion that the formation of an axial spearhead depended 
upon the presence of the resistance wire element was thus eliminated. 
In other similar pictures, taken without back lighting, the luminos- 
ity of the base of the spearhead is clearly evident. 

By employing a square plastic tube, the complex wave inter- 
action can be further examined.  Figure 5 illustrates the beautifully 
symmetrical pattern of luminous and nonluminous phenomena occurring 
at an intermediate point in the initiation process.  This frame, 
selected from a full sequence, had an exposure time of 1.4 ^i sec. 
The tube was 22 mm. x 22 mm. x 75 mm. and had been shocked through a 
rubber barrier in the usual manner.  The top of the grey zone, seen 
in the front view, represents the position of the compression wave in 
the plastic container and also seen where the luminous zones merge in 
the center. Is the point where the transverse sonic waves intersect 
in the liquid. 

In Figure 6, four selected frames are shown from a framing 
camera sequence where a standard card-gap (2) configuration was used. 
The time between adjacent frames is 4.2 ^ sec.; the exposure time is 
1.4 ii sec.  Again, a square plastic tube was used with a 2.6-lnch 
card-gap (plastic) and two 1-5/8-inch-diameter by 1/2-inch-long tet- 
ryl boosters.  This result was a high-order detonation, as evidenced 
by the photographic sequence and also by the clean-cut hole that re- 
sulted in the witness plate.  The failure of the plate is evident in 
the fourth frame shown.  Again, the wall is the locus for initiation, 
but the reaction is seen to spread quickly and uniformly across the 
vessel.  The bright spot under the witness plate in frame 9 is an air 
bubble, but it did not serve as a nucleus for initiation. 

A rather similar card-gap test configuration Is shown in 
Figure 7.  Here, two sides of the tube were steel and the plastic 
barrier was only 3,75 cm. thick.  The same type donor was used in 
this test as for that shown in Figure 6, the framing rate was also 
the same.  In this sequence the reaction is predominately along the 
side walls of the vessel and although reaction developed throughout 
the entire container by frame 18, the detonation reaction was incom- 
plete and the witness plate was recovered essentially undamaged. 
These two shots indicate an anomaly which may result from using a 
witness plate as a criterion for detonation. 

In another experiment (Figure 8), a square cross-section 
tube with two sides of aluminum was employed, together with a rubber 
barrier.  The early stage of the initiation is not unlike that ob- 
tained with a plastic card barrier as shown in Figure 6,  Instead of 
a witness plate, an end viewing mirror was used.  The incipient igni- 
tion, seen in frame 7, has, 4,2 \i  sec, later, developed into a reac- 
tion which has engulfed the base of the charge.  In frame 10, a lumi- 
nous cloud, giving the appearance of the plasma reported by Cook (3), 
is seen at the end of the charge resting on the liquid explosive 
meniscus. 
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Fig. 5 - A single frame, from a sequence, 
of detonating NG/EGDNin a plastic vessel 
having a square cross section. The end- 
on mirror shows the symmetry of shuck 
interaction and peripheral initiation. The 
exposure time was  1.4 ^sec. 

11 15 

Fig. 6 - Selected frames from a sequence of a detonation in 
NG/EGDN for a typical card-gap configuration. A plastic 
tube having a square cross section, a plastic barrier thick- 
ness of 2.6 inches, and a 4 inch x 4 inch x 1/4 inch witness 
plate were used, A high order detonation resulted which 
punched a clean hole in the witness plate. The adjacent 
interframe time was 4.2 fisec. and the frame exposure time 
was 1.4 tisec. 
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13 16 20 

Fig. 7 - Photograph of a card-gap configuration in which the side 
walls were steel; gap thickness was 1.5 inches (vs. 2.6 inches for 
Fig. 6). Initiation is at the metal wall surfaces. Reaction was 
predominately low-order, little witness plate damage resulted. 
The interframe is 4.2 /isec.a.nd frame exposure time is  1.4 fisec. 

10 

Fig. 8 - Frames selected from a sequence of detonating NG/EGDN 
in a vessel of square cross section and with two aluminum side 
walls. A rubber shock attenuation-barrier was used. Early initia- 
tion stages are similar to the card-gap tests, except that the locus 
for initiation appears to be in a central region. In frame 10 a 
luminous cloud is seen at the end of the charge resting on the 
meniscus although the reaction has not as yet reached the end of 
the charge. 
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The nature of the off-end luminous zone, seen in the pre- 
ceding photograph, may be explained by the results in Figure 9.  The 
vessel is a 35 mm. l.d. cylinder.  Frame 6 shows the shock wave en- 
tering the column; in frame 8, two zones are discernible, the upper- 
most caused by the shock wave in the wall and the opaque region at 
the base of the charge due to shock activity in the unreacted liquid. 
Herging in frames 10 and 12, these zones have enveloped the entire 
charge by frame 14.  A reaction at the wall, occurring at the base of 
the column in frame 16, has, by frame 18, reached the end of the 
charge; however, at this instant an opaque fountain (dark cloud) of 
unreacted droplets or mist of explosive Is ejected from the surface 
of the liquid.  In frame 19 this cloud has grown and is reacting as 
a droplet suspension in the off-end atmosphere. Also visible in 
frame 19 Is an annular droplet formation caused by ejection of mate- 
rial near the wall subsequent to the central fountain shown in frame 
18.  The appearance of this off-end phenomenon could readily be mis- 
construed as a "plasma", since it would probably have electrical 
characteristics of a "plasma" when evaluated by probe techniques and 
certainly appears to have the photographic attributes of the "plasma" 
described in the literature by Cook, et al. (3, 13). 

The results obtained using a hybrid confining vessel are 
showr in Figure 10.  In this experiment, one side wall la aluminum 
and the other is steel; a rubber barrier is employed.  Selected 
frames from the sequence indicate effects caused by the nature of 
wall material. The Interframe time la 2.1 u aec. and the expoaure 
is 1.4 n sec/frame.  The event is symmetrical In the early atagea; 
by frame 5 the effect of the difference In wall composition becomea 
noticeable in that the aide view shows the precursor wave along the 
ateel to be advancing ahead of the wave along the aluminum.  In con- 
trast to this, the end view Indicates that the locus of an early 
reaction, which appears to die out, is at the aluminum wall.  In 
frame 6 a symmetrical axial disturbance forms which, by frame 9, 
appears to bend toward the aluminum wall.  In frame 12 the ejection 
o±   a droplet formation Is evident with the greater jet action in the 
vicinity of the steel.  By frames 14 and 15, pockets of reaction 
appear along the steel Interface and in frame 16 the off-end droplet 
cloud has reacted in passage into the air at the charge end. 

The schlieren photograph in Fi<jure 11 clearly shows the 
multiplicity of lateral waves induced in the explosive by shock 
waves in the steel side walls.  This is a single-frame Rapatronic 
camera photograph taken 25 \j  sec. after entry of the shock wave into 
the NG-EGDN filled vessel.  The charge contained a resistance ele- 
ment.  The opaque region at the base of the charge represents the 
disturbance in the liquid explosive. 

The effect of the presence of metal surfaces in repressing 
detonation failures In nitromethane was reported by Campbell and 
associates (15).  The experiments involved streak camera studies of 
detonation in tubes of glass, dural, and glass tubes lined with 
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10 12 

14 16 13 19 

Fig. 9 - The development of the off-end luminous cloud is 
shown in the selected frames from a sequence of detonating 
NG/EGDN in a 35 mm. i.d. Plexiglas tube. Predetonation 
activity' is shown in the early stages of the event and in 
frame 18 an opaque axial droplet ejection is clearly evident, 
in frame 19 (4.2 usec. later) this material has reacted on 
its passage into the atmosphere. In addition, an annular 
formation has developed during the interframe time of 4.2 
ftsec, and exposure time cf 1.4 /<sec. This may be an 
example of the phenomena referred to in the literature as a 
"plasma." 
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Fig. 10 - Selected frames from a sequence of detonating NG/EGDN 
showing the effect of wall material. The left side wall is aluminum 
and the right wall steel. Luminosity is first discernible in the 
region of the aluminum but is later followed by reaction at the steel 
wall. Adjacent frames were 2.1 /isec. apart and frame exposure 
was 0.14 //see. The jet of unreacted explosive is visible and the 
locus of reaction is shown in the end-on mirror view. 

Fig. 11 - A Rapatronic camera 
schlieren photograph of the 
lateral waves in the body of a 
detonating  NG/EGDN  mixture. 
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various metal foils.  Campbell and his fellows concluded that the 
action of metal foils in repressing failures was due to the confine- 
ment provided by the foil where the density, compressibility, and 
thickness of the material are the important parameters.  No discern- 
ible effect was observed due to the specific nature of the surface. 
In our experiments, using relatively thick (3.1 mm.) side walls, the 
wall material seemed to play an important role in establishing the 
locus of initiation. 

Resistance-element records for two types of initiatii  of 
detonation in NG/EGDN are shown in Figure 12.  In one case (Figare 
12(a)) in which the barrier was a 2.6 cm. long rubber cylinder snugly 
fitting into the plastic acceptor tube, the shock waves were suffi- 
ciently intense to cause the detonation to occur after a delay of 
25 p. sec. and at a point about 1.6 cm. into the charge.  In the 
other case (Figure 12(b)), where shock attenuation was provided by 
the conventional-type rubber barrier (shown in Figure 1), a delay of 
about 45 |i sec. resulted and initiation to detonation originated at a 
distance of 5.2 cm. from the barrier.  During the delay, the wire- 
element record shows a period of erratic behavior where no orderly 
propagation is Indicated; however, ultimately, at least on the axis, 
the hydrodynamic velocity was attained.  Our conclusion is that had 
these tests beer instrumented only by witness plates, the first re- 
sult would have been "positive," the second a "failure".  Under 
these conditions, the detonation velocities measured over discrete 
intervals would have been recorded as high and low, respectively. 

Discussion and Conclusions 

These photographic studies indicate that the stimulus given 
to a sample in the card-gap test is anything but simple.  Evidently, 
the usual concept of a sample being subjected to a "pure shock" Is 
rather naive and quite inadequate.  Rather, the sample is subjected 
to a wide range of interacting forces. Consideration of these inter- 
actions leads us to suggest a new mechanism for the initiation of 
detonation in liquid explosives.  The mechanism is essentially one 
of cavitation established by shock excitation (16), possibly with 
additional heating of the liquid provided by shear forces resulting 
from differential particle velocities in the liquid and between the 
liquid and the container walls. A minor contribution to heating may 
result fro"m~ compress ion of the liquid. 

If a liquid body is exposed to intense acoustic vibrations 
— and the intensity of the stimulus in the tests described is un- 
questionably high — gas bubbles will be formed from the dissolved 
gases.  Such gas pockets may first exist as small invisible bubbles 
of microscopic dimensions.  These bubbles, finely dispersed through- 
out the liquid, constitute weak points in a liquid whose tensile 
strength is determined by the largest bubble present.  In addition, 
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Impurities, such as dust particles, provide nuclei for the formation 
of additional cavities.  Other weak points would be found in the gas 
nuclei contained in small imperfections in the container wall.  In a 
reactive system, such as NG/EGDN, the vapors in the voids would be 
capable of exothermic decomposition. Bowden and associates (4), have 
postulated that the adiabatic heating of such cavities would be a 
sourcs of local reaction; however, Bolkhovitinov (8) and Selberg (12) 
disagree with this theory, based on consideration of thermal relaxa- 
tion times for the very small bubbles (10   to 10  mm.). 

During cavitation, the small bubbles may coalesce into 
larger bubbles of a size sufficient lor compression to result in 
adiabatic heating.  Importantly, any decomposition of the vapor or 
droplets in the bubbles which results in the production of gas, also 
results in an increase in bubble size.  The time required for the 
foci to grow through coalescence and reaction may well account for 
the long delays observed in the initiation process. 

An analogy of the cavitation process has been observed in 
solid plastic rods.  Figure 13 shows a section of 1-1/4 inch Plexi- 
glas rod after it has been subjected to the shock waves from a 1-1/4 
inch diameter explosive donor.  That part of the rod immediately ad- 
jacent to the explosive was completely destroyed but a portion of the 
rod recovered' shows a well defined spearhead of multiple tensional 
fractures.  This is to be compared with Figures 2 and 4 showing the 
spearhead observed in 50-50 NG/EGDN.  Each fracture gives the ap- 
pearance of a small cone pointed toward the explosive donor.  This 
solid analog lends support to the suggestion that initiation process- 
es comparable to those observed here in liquids may play an important 
role in the sensitivity of solid propellants. 

The nature of "low-order detonations" continues to elude 
definition.  These phenomena are characterized by low apparent 
velocities of a luminous, pressurized, or ionized front.  Because the 
luminosity, pressure, and ionization are all less than that associ- 
ated with a normal detonation, less than complete reaction is the 
usual assumption.  Tacitly, the process is otherwise assumed to re- 
semble a detonation (17).  The broad luminous zone, the complex pres- 
sure interactions between wall and contents, and the erratic ioniza- 
tion observed with the resistance element raises questions as to the 
validity of this assumption.  Further investigation of "low-order 
detonations" are planned by the Bureau of Mines because of their 
potential importance in the safe handling of explosives and 
propellants. 
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INITIATION CHARACTERISTICS OF MILDLY 
CONFINED,   BUBBLE-FREE  MITROGLYCERIN 
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E.I. du Pont de Nemours  and Company 

Gibbstown,   New Jersey 

Background  Information 
The many initiation studies that have been conducted indi- 

cate  that  initiation,   especially by  near-minimum influences,   is  con- 
trolled by many physical conditions.     Nitroglycerin was first pre- 
pared in 1846  and much information has been obtained about the initi- 
ation process  and associated conditions  since  the initial work on 
nitroglycerin by Sobrero and Kobel. 

Prior to  1892,  Eerthelot concluded that the  impact energy 
in the drop-weight initiation test was sufficient to heat only a 
small portion of a nitroglycerin sample  to the detonation temperature 
(Ref.   1).     Direct evidence  concerning energy  requirements  and  the 
details of the localized process was obtained many years  later by 
Bowden and co-workers   (Ref.   2).    These investigators  found that the 
applied energy required for impact-initiation was only 5-25 x 10-i+ 

cal.  in the presence of an air bubble.     The heat developed within a 
small bubble by adiabatic compression accounts  for 10-10 to  10~^ cal. 
In the absence of bubbles  the  applied energy  required for impact in- 
itiation was higher by many orders of magnitude,  namely,   2.5-25 cal. 

The  importance of air bubbles in dense,  gelatinized nitro- 
glycerin explosives is well known in the explosives  industry.    For 
instance,   blasting gelatin   (approximately 91^  nitroglycerin,   8$ 
nitrocotton,   1% chalk) may become so insensitive from loss of oc- 
cluded air during storage that initiation by a commercial blasting 
cap is well-nigh impossible. 

Bowden often found the build-up time from deflagration to 
detonation of nitroglycerin to be 20-150^6  starting from a hot spot 
in a confined film.     In some unpublished work by the writer the build- 
up times for the underwater shock-wave initiation of nitroglycerin in 
polyethylene bags often were much longer,   namely 1-15 ms,   if the near 
limiting conditions  for initiation existed.     This work involved sym- 
pathetic detonation tests between primer and  receptor charges spaced 
to obtain various shock wave energies,  or pressures.     At a distance 
for consistent propagation from a 73 g.  cast pentolite primer, 
namely 3 ft.,   the shock-wave energy was only about 0<,025 cal./cm , 
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and the pressure 75 atmospheres (Ref.   3)«    Undoubtedly air bubbles 
were present in the nitroglycerin.    Bowden found that the building-up 
process of initiation of nitroglycerin from  an  adiabatically con- 
pressed air bubble  in a film could be accomplished  if the bubble vol- 
ume was compressed by a ratio of 20/1,  which corresponds  to a pres- 
sure  increase from 1 atmosphere to about 50,   or to  an initial adia- 
batic bubble temperature of about 500oC.     In both Bowden's work  and 
ours  the build-up to detonation was slowest if a minimum intensity 
initiating  influence was exerted. 

Earlier work  at this Laboratory gave  reason to consider 
that more  than microscopic or very localized  effects might be involved 
in the initiation of bubble-free,  unconfined  nitroglycerin.    Whereas 
nitroglycerin may readily be caused to detonate from a small hot spot 
in a thin,   confined  film,   it fails to propagate far from even a  large 
primer if confined  only in a paper tube  (soda straw)  having a diam- 
eter of about 4 mm.     This diameter is  approximately  the critical  size 
for propagation of slightly  confined nitroglycerin. 
Method of Investigation 

A  framing camera was  used  to   take   a  sequence  of 25 pictures 
of the  initiation process  in  20  to 6011s.     The  subjects were back- 
lighted with  an argon flash  lamp  in order  to   reveal  shocks,   rare- 
faction  clouds,   and  gas  clouds. 

A  commercial  blend  of 70/30-nitroglycerin/ethylene glycol 
dinitrate   (EGD)  which had  the  characteristic  yellow  tint  of  the   clear 
liquid was  used.     The material was passed  through double dry filter 
papers prior to use.     For brevity,   and  in accord with common indus- 
trial  usage,   the blend  of nitrate esters will be   referred  to  as   NG 
throughout this paper. 

The cells containing NG were either rectangular or cylin- 
drical. The rectangular cells had windows of either glass of 1 mil 
"Mylar"* (10~^ in. thick). The latter material was used for most of 
the investigation. The cylindrical cells were made of "Mylar" that 
was cemented to a disk-shaped base of "Lucite"**. The smallest di- 
mension of the cell in different experiments ranged between 3/^ in. 
and 3 in. 

In order  to minimize  shock  reflections   and   rarefaction 
clouds  in  the  undetonated NG near a slow-acting initiating  influence, 
some  of the cells were   immersed  in tanks  containing either water or  a 
denser aqueous  salt solution. 

Initiating influences were  applied by several methods.     Arc 
discharges   and exploding bridge wires were  set off within  NG-filled 
cells,  using a source of 5000 v.   from  a 3 ufd condenser that was 
triggered through a 5C22 hydrogen thyratron tube.     No.   Ö and other 
blasting caps  of  the  arc-firing type also were used  as   initiators. 
The  No.  8 caps started  to expand  about 2-1/2 ps  after the spark 
discharge. 

Other experimental details will be mentioned where they 
apply. 
♦Registered trademark for polyester film of E.I.  du Pont Nemours 
4 Co.,   Inc. 

♦•Registered trademark for acrylic resin of E.I.  du Pont de Nemours 
& Co.,   Inc. 
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Initiation Studies 
Arc Discharge  in  NG 

The photographs revealed that the initial highly luminous 
reaction about a spark discharge  (0.01 cm.  gap)   in NG soon diminished 
in luminosity.     The photographic  record  is  indicative of an initial 
temperature greatly exceeding 3000oK.     The initial  radial expansion 
rate of the hot gas  globe in the  NG was  150-200 m./sec, but this  rate 
diminished to about 50 or 60 m./sec. 2$ us after the discharge.    The 
rate  decreased  to   about  35 m./sec.   in  another 25 ^s. 

The  approximate energy of  the  spark discharge in NG was 4.5 
cal.   if we assume  that half of the condenser energy was transmitted  to 
the discharge points. 

An  attempt was  made  to produce  an accelerated reaction in 
the vicinity of sparks  by  firing two successive  ones  0.2 cm.   apart, 
in  a  tine  interval  of   10  \is.     The  objectives were  as   follows:     (1)   to 
project comnressed   liquid,   preferably   as  spray,   into  the first  hot gas 
Klobe,   (2)   to  create  additional  pressure  between arcing regions,   and 
(3)   to  start  a  larger  hot reaction  zone.     Johansson,   Seiberg   (Ref.   k) 
and  co-workers   (Ref.   5)   considered  some   of  these  effects when invest- 
igating  the  shock   initiation  of  NG and  of another liquid,   nitric  acid- 
dinitrotoluene.     Fig.   1  shows  the  events   13-^7 us   after  firing  the 
first  of two   sparks   in  NG.     The  second   spark,   fired  10  us  after  the 
first,   nroduced   no significant   acceleration of  the  reaction  in  the  NG. 
The  radial  rate   of gas   expansion   around   the  initial  discharge dimin- 
ished   to  about  70 m./sec.  between  20  and ^0 us  after   the first dis- 
charge.     The   two  cylindrical objects   (0.6  cm.  x   1.3   cm.)  evident on 
either  side  of  the  arcs were  solid   rubber sunports  for  the  terminal 
wires   that, were   set   to  provide  a  gap distance of 0.01  cm. 

Exploding Bridge Wire  in NG 
A  high  voltage nulse was  applied  to a  resistance bridge 

wire   that was  immersed  in  NG.     The wire was  about 0.25  cm.   long and 
0.005   cm.   in diameter.     The very  luminous,   high-temperature  reaction 
around   this  exploding bridge wire  also  proceeded with  diminishing 
luminosity  and  rate  of  radial  expansion.     The  radial  expansion  rate 
was   about 60 m./sec.   after 35 ;is,   and   about  22 m./sec.   after  200  >is. 

"Ko.  8 Blasting Cap in NG 
An  initiator having the  strength of a  No.   8  blasting cap  is 

considered  an  adequate,   dependable  initiator for practically  all 
explosives  that  are  capable of  nronagating a  stable detonation  at 
diameters up  to  about one  inch.     The heat of reaction of the  explos- 
ive charge  in  the  cap  is  about 600 cal.     However,   in  the  absence of 
adhering bubbles on   a  cap immersed in  NG,   usually only a very slow or 
a partial  reaction of  the  NG occurred. 

Fig.   2  shows  two  NG cells   (2  in.   x  2  in.   x 3   in.,   inside 
dimensions;   glass windows),   each of which contained  a  No.   8  cap hav- 
ing a  tranrnarent plastic shell instead of the usual metal shell. 
Thus   the luminosity of the cap  reaction was evident from its beginning. 
The left cell contained water,   the right one NG.    A delayed-action, 
destroying pellet for the NG is evident outside the cell at the 
right.     The third picture in the sequence shows  similar luminosity 
and gas expansion,   and similar shock waves in the two  liquids.    Thus 

457 



Winning 

13   p5 30 fit 

hi us 

Fig. 1 -  Consecutive  sparks in NG.   Stated times are 
relative to the firing of the first spark 
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MitM.i 
1.0 ps I.ö ps 

MJ m^M'.w 

W-.W 

1 i. 1 us 19 • 5 us 

Fig. Z - No. 8 plastic shell caps fired in water (left) and in 
NG (right). Stated times are relative to the start of cap 
expansion. 
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neither a high velocity detonation nor appreciable deflagration 
started in the NG.  The fourth photograph shows comparable glass 
breakage and also the start of a dark rarefaction cloud below the 
surface of both liquids. The over-all result is typical of that 
obtained with caps having the standard cap shell of metal. 

The effect of occluded air on initiation is shown in Fig. 
3- Fine, aerated powders, (cork dust and "Microballoons"*) were 
secured in narrow lines on opposite sides of a No, 8 cap by use of a 
thin film of rubber cement. Luminous detonation at about 7500 m./sec. 
started very suddenly from each aerated region. 

Although not illustrated in Figs. 2 and 3 a high velocity 
detonation occasionally started suddenly at the shock front about 0.3 
cm. from the end of a cap having a conical indented end, which is 
standard construction. This end-initiation by converging shock in- 
fluence did not depend on the presence of an air bubble in the in- 
dentation.  The tests were conducted with the indented end of the cap 
up, and, as usual, the adhering bubbles were dislodged with a wire 
probe. 

The indented end of a No. 8 cap (shell of commercial 
bronze) is the source of a high-velocity metal jet if a cap is 
detonated in air, but not if it is detonated in NG without a bubble 
in the cavity.  A cap jet in air having a characteristic velocity of 
2800-3500 m./sec. may be shot into NG from a distance of 2.5 cm. 
above the NG surface without starting a high-velocity detonation dur- 
ing a penetration exceeding k  cm.  During this penetration, the jet 
hole in the NG typically attained a diameter of 0.7 cm., and a surface 
layer of NG burned to a depth of 0.8 cm.  In the absence of a delayed- 
action destroying pellet, it is possible that in some tests the NG 
would burn partially or completely without detonating.  On the other 
hand, a cap jet caused a pulverulent, aerated dynamite containing 
5C$ NG to detonate at nearly its characteristic velocity (for cart- 
ridges of 1-1/^+ in. diameter) within 5 us after jet impact. 

The third picture in Fig. k  shows the delayed, luminous 
initiation of NG at high velocity by a No. 8 cap that was centrally 
situated within the cell.  In this experiment the cell width was only 
7/8 in. (front to back).  In the third picture the faintly visible 
shock from the cap (in the clear NG) has a velocity of 1700 m./sec. 
The initial shock velocity at the cap boundary was about 3500 m./sec. 
The shock front in this NG cell was followed within about 0.6 cm. by 
a dark appearing rarefaction cloud, in which the luminous detonation 
started 5.^ us after the initial cap expansion.  The gas cloud from 
the cap is obscured hy  the rarefaction cloud around it. The start of 
delayed, high-velocity, luminous detonation within a rarefaction 
cloud prompted further investigation of this phenomenon.  Additional 
interest arose because the hot gas cloud was sufficiently transparent 
for a brief interval to reveal the presence of the non-luminous gas 
cloud from the cap.  Photographs 3 and 4 in Fig. h-  also show the sur- 
face effect of hot gas projected from above by a blasting cap having 
no metal end. 

Fig. 5 shows a single picture from a sequence which was 
♦Registered trademark for hollow, unicellular, urea-formaldehyde 
plastic spheres of Standard Oil Co. of Ohio 
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0 us '• 2.3 us 

'1.2 us 

Fig. 3 -  No. 8 cap fired in NG -  "Microballoons" and cork 
dust, respectively, on opposite  sides of cap. 
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2.0  ps 

5.^ us 

^•5 ps 

6.1 ns 

17.1 ps 

Fig. 4 - No.   8 cap fired in NG cell 7/8 in. thick.   Open-end cap 
fired 1-1/2 in. above the NG surface. 
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similar to that in Fig. k.     The width of the cell in Fig. 5 was 1/4 
inch more than that in Fig. k,  namely 1-1/8 in.  The dark rarefaction 
cloud and the delayed initiation therein again occurred. The highly 
transparent gas cloud from the detonation of NG is of additional 
interest, for in it the dark gas cloud from the cap and also the cap 
wires are clearly evident.  An equally transparent gas cloud was not 
consistently reproducible.  Its formation appeared to depend on the 
high-velocity detonation (at about 8000 m./sec.) of preshocked NG in a 
rectangular cell, containing a rarefaction cloud. 

Initiation of NG by caps under other physical conditions was 
then investigated, as shown in Fig. 6. Cylindrical cells of NG were 
immersed in water to modify the shock reflections. At the right a 
single cap was located in a cylinder of NG having a diameter of 3/4 in. 
To the left of a plywood barrier was a larger cell containing two caps 
3/8 in. apart.  This large cell had a diameter of 3 in. The third 
picture shows the absence of luminous, high-velocity detonation 58 us 
after simultaneous firing of the three caps.  However, it is of 
interest to note in the second picture that a faintly luminous region 
existed temporarily in the small cylinder; that is, in the rarefaction 
region above the oval gas cloud from the cap.  The intersecting 
shocks between the adjacent caps in the large cell did not initiate 
any noticeable reaction. A flat rarefaction cloud is evident above 
the two caps in the third picture.  This cloud appeared and disap- 
peared intermittently during the picture sequence. 

Shock reflections in NG were essentially eliminated by im- 
mersing an NG cell in a dense salt solution.  (The solution density 
was 1.34 at 250C.  The composition was as follows:  NH,N0, - 33.0^, 
NaNC^ - 23.0^, H20 - 44.0^).  The solution was contained in a cubic 
tank, 10 in. in each dimension.  Thus the effect with regard to shock 
reflections was essentially that of shooting a cap at the center of a 
10 in. cube of NG, except that the "Lucite" base of the cylinder 
produced a near-by rarefaction cloud.  The diameter of the cylinder 
containing the NG was 3 in.  The two pictures of Fig. 7 reveal a slow, 
nonluminous expansion around the cap. Cracks in the glass window of 
the tank started to obscure the view after about 148 ^is. The radial 
expansion rate was accelerating slowly toward the end of the observa- 
tlon period, and had attained 440 m./sec. after 148 ps. 

Because NG reacted so slowly to the influence of a blasting 
cap, it was of interest to know the effect of a cap in a nonexplosive 
liquid having comparable density.  Fig. 8 shows the effect of No. 8 
caps in a chlorinated hydrocarbon, "Aroclor"* No. 1254 (a^liquid hav- 
ing a density 1,54 at 250C.). The two cylinders of "Aroclor", 1-1/4 
in. and 3 in. diameter, were immersed in water.  A transient rare- 
faction cloud was formed in the upper portion of the small cylinder, 
but not in the large one.  In the large cell the reflected rarefaction 
from the more distant wall was weak and thus no rarefaction cloud 
was formed.  The gas globe around the cap in the small cylinder was 
only slightly smaller after 25 jas than the globe around the cap in 
NG shown in Fig. 5 (after 29 ]xs).     The radial rate of gas expansion 
in the large cylinder of "Aroclor" was 300 m./sec, 25 \xs  after the 
»Registered trademark for chlorinated hydrocarbons of Monsanto 
Chemical Co. 
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«r-^     US 

Fig. 5 - No. 8 cap fired in NG 
cell 1-1/8 in.thick. Open-end 
cap fired 1-1/Z in. above the 
NG surface. 

29 

Fig. 6 - No. 8 caps fired simultaneously in cylindrical 
NG cells that were immersed in water. 
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90  \is ike ur. 

Fig. 7 - No. 8 cap fired in cylindrical NG cell that was 
immersed in dense aqueous  solution. 

8.4   ur. ??.^   us 

lliik 
25.2   us 

Fig. 8 - No. 8 caps fired in cylindrical cells containing 
"Aroclor".    The cells were immersed in water. 
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start of cap expansion,  but the rate was diminishing. 
Pictures not shown here indicate that the radial  rate of 

gas expansion in water-immersed "Aroclor" diminished to  almost zero 
after 100 ps, when the  gas globe radius was  2.6 cm.    After the same 
time interval a cap  in water-immersed NG caused radial gas  globe 
expansion at 350 m./sec, when the gas globe radius was ^.3  cm.    The 
hot gas volume in NG was  about twice that in "Aroclor" after 50 )is, 
but after 10 jas the volume in NG was  five times  that in "Aroclor", 
indicating that a small amount of reacting NG added its effect to that 
of the cap. 

Intersecting Shocks  from Special Large Caps 
Intersecting shock conditions  tending to promote delayed 

initiation of NG are  shown in Fig.  9.    A mirror above the  cell permit- 
ted photographing a downward view in addition to  the direct view. 
The inside length,  width,   and depth of the cell were h in.,   3 in., 
and 2-1/2 in.,   respectively.    The two special caps  contained lh gr. 
of PETN in the base charge,   and were 1/2 in.  in diameter to provide 
an approximately symmetrical charge.     The  second cap was electrically 
fired 18 JUS  after the  first,   at which time a rarefaction shock from 
the first cap was  reflected from the  upper surface,   and  after re- 
flected rarefaction shocks  had collided in the bisecting plane of the 
lower left corner.     Delayed initiation of the NG,   29 ^s  after firing 
the first cap, was evident in the lower left corner of the cell, 
rather than at the cap location,   indicating that this  rarefaction zone 
was more favorable for the development of the deflagration to deto- 
nation process.    The mirror view of  a luminous crescent between the 
caps indicates the possible existence of a second initiation center 
between the two caps,  where the shock from the second cap  acted on 
the rarefaction cloud proceeding downward from the   surface  above the 
first cap. 
Discussion 

The application of different types of intense initiating 
influences   to the interior of essentially unconfined,   bubble-free  NG 
gives evidence of low sensitivity and reluctant build-up of defla- 
gration to detonation in a liquid explosive that has been used suc- 
cessfully as a sensitizer for many dynamites,  but generally in dis- 
persed,   aerated form. 

The  reaction started in NG by  a  No,   8 blasting cap proceeds 
slowly and may not lead to detonation of the sample,   as indicated on 
occasion by recovery of residual material.    The relatively small 
amount of reaction of NG caused by a cap  in 50-100 ps is indicated 
approximately by the difference in gas volume in comparison with the 
gas volume produced by a similar cap in "Aroclor". 

A  rough estimate may be made of the pressure and teiqper- 
ature in the NG adjacent to the strong shock sources,  such  as the 
No,  8 blasting cap.    Extrapolation of time-distance curves  for shock 
travel give initial velocities of 3000-3500 m./sec.    The correspond- 

Note:     The possibility of initiation  at dust spots on the  surface of 
the NG was  eliminated by providing a thin layer of Nujol on the sur- 
face.    Undesirable absorption  of NG by the wood of  the cell was 
prevented by coating the  inner surface with  shellac.) 

466 



Winning 

lb  ps ?T.6   us 

26.L*   us ?>.?  us 

Fig. 9 - Delayed initiation of NG. Special caps contained 
14 gr. PETN. Stated times are relative to the firing of 
the first cap. 
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ing initial movement of the expanded copper cap shells is not always 
clearly evident, and the measurements of boundary positions are not 
accurate because these boundaries were viewed through shock fronts 
that initially were highly curved. A material velocity of 600-800 
m./sec. corresponds approximately to the aforementioned shock- 
velocities. Applying the relationship, P = /'Ityi, gives an initial 
shock pressure of about 40,000 atmospheres.  (P = pressure, 
density, U = shock velocity, n = particle velocity).  The associated 
transient temperature elevation at the shock front may be estimated 
by the simplified assumption that also was applied by Seiberg (Ref. 

6)* Accordingly, .T = -^ where C, the heat capacity, is 1.7 x lO' 

ergs/g.  If /u = 8 x 104 cm./s., then '.T = 1920C. Since the ambient 
temperature was about 250C. the peak transient temperature was 2170C. 

The failure of NG to develop a rapidly accelerating det- 
onation when exposed to a highly luminous arc discharge or to a high- 
velocity cap jet (from outside the NG) is evidence of rapid energy 
dispersion within the nitroglycerin. The energy is dispersed mainly 
by shock waves of insufficient duration and/or temperature to produce 
initiation.  The cap jet velocity of 3500 m./s^c. is much higher than 
the bullet velocity of 1100 m./sec. which Zippermayr found inadequate 
for the initiation of NG contained in a synthetic rubber bag. He 
employed a steel bullet having a diameter of 4.4 mm. (Ref. 7). 

The occurrence of delayed initiation in an opaque rare- 
faction zone raises questions about the mechanism of the event.  The 
creation of the opaque obscuring region can be delayed in increasing 
the cell dimension in the direction of the field of observation and 
work along this line is in progress. 
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SHOCK INITIATION OF DETONATION IN LIQUID EXPLOSIVES* 

A. W. Campbell, W. C. Davis, and J. R. Travis 
University of California, Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 

INTRODUCTION 

The processes involved in the initiation of explosives have been 
the subject of much experimentation and theoretical speculation, and 
many investigators have contributed to an understanding of the problem. 
An excellent review of recent work has been made by S. J. Jacobs.^ ' 
Of particular relevance to the work to be described here is the paper 
of Hubbard and Johnson,(2) who, in calculational experiments, have 
studied shock induced thermal explosion.  Their calculations agree 
very well with the conclusions from the work described here. 

In this paper experiments are described which show that nitro- 
methane and other explosives in the homogeneous state are initiated as 
a result of shock heating.  The initiation process is essentially a 
thermal explosion.  Before describing the experiments, some of which 
are indirect, the general sequence of events which take place in the 
explosive will be described to aid in unders-tanding the purpose of 
each experiment. 

The general plan was to study the behavior of explosive when sub- 
jected to a smooth, plane shock wave of constant amplitude.  Plane 
wave lenses(3^ were combined with additional high explosive and inert 
shock-attenuator plates to produce a shock wave of the desired ampli- 
tude in the test explosive (see Fig. l).  The behavior of the test ex- 
plosive was then observed before the intrusion of edge effects or of 
reverberations in the attenuator.  When a shock wave, strong enough to 
produce detonation within a few microseconds, is generated in nitro- 
methane, the explosive behind the shock front is compressed to about 
5/8 of its original volume and simultaneously is heated to a high tem- 
perature estimated to be ll^QOK.  It has been possible to calculate 
the compression by impedance-matching calculations, and also meas- 
ure the compression directly with fair accuracy.  On the other hand, 
it has not been possible to measure the shock temperature; instead, 

* Work done under auspices of the U. S. Atomic Energy Commission. 
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the temperature has been calculated by approximate methods. 
The shock-heated explosive reacts very slowly at first, but the 

reaction rate accelerates due to self-heating, and detonation results. 
This acceleration of the reaction rate first becomes important at the 
attenuator-explosive interface, where the high temperature has prevail- 
ed longest.  In the laboratory frame of reference the resulting deto- 
nation wave sweeps forward at a velocity which is the sum of the par- 
ticle velocity behind the Initial shock front and the detonation velo- 
city of compressed, unreacted explosive.  This detonation wave over- 
takes the initial shock wave and temporarily overdrives detonation in 
the unshocked explosive ahead of it. 

The conclusions drawn in this paper are based on more than 300 se- 
parate experiments.  Because not all of them can be presented in de- 
tail, they have been grouped into types of experiments. Many of each 
type have been done, and a few selected ones are described in enough 
detail for the reader to see what data can be obtained and how it has 
been used.  We have tried to furnish enough of the experimental re- 
sults to provide evidence to support.every conclusion.  In no case 
does a. conclusion rest upon a single experiment, although in several 
cases only one experiment is described. 

Recording Equipment 

The equipment used in the experimental work described in this 
paper included a smear camera, a framing camera, and raster chrono- 
graphs. The smear camera had a maximum writing speed of 9.2 mm/yisec 
at F/6 and had correction for the elastic distortion of the rotating 
mirror. V1*-)  In the space direction the maximum resolution amounted to 
^00 line pairs.  The time resolution was 5 x 10-9 sec. 

The framing camera was capable of 15-frame sequence with a mini- 
mum exposure time of 2 x 10"' sec and a time interval between frames 
of 2.5 x 10"^ sec.  Resolution was 300 line pairs vertically and 200 
line pairs horizontally.  Maximum aperture was F/20. 

The electronic chronographs and techniques for using them are de- 
scribed elsewhere.^5)  Maximum time coverage per chronograph was 
about 150 ]xsec  with a standard error per transit-time reading of about 
3 x 10-9 sec. 

Type I Experiment:  External Velocity Profile 

In the experiments designated as Type I a smear camera was used 
to record the progress of the initial shock wave in the explosive 
under study and to observe the transition to high-order detonation. 
The charge arrangement is diagrammed in Fig. 1. 

A shock wave of appropriate amplitude was sent into a nitrometh- 
ane charge from the booster-attenuator system.  The nitromethane was 
illuminated from behind by an argon flash for a shadowgraph picture. 
The smear camera recorded the vertical progress of this shock wave and 
of the ensuing detonation wave over a distance as shown by the scale 
In Fig. 2.  After the detonation wave left the field of view of the 
camera it passed into a 5.08-cm diam tube in which the steady-state 
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"stick"  velocity was measured by -ehe pin technique(5)  with the electro- 
nic  chronographs, 

Pin« 

2" id, 1/4'wall Plastic 
Tub« 

Nitrorrwthan« 

I* Durol 

0070" St««l 

TNT 

I* Composition B 

8" diam  Plan« Wove 
Generator 

Detonator 

Fig. 1.  Charge setup for nitromethane velocity profile ex- 
periment.  Shot D-5772,  The camera optic axis was 
parallel to and about 2 cm about the dural atten- 
uator plate. The nitromethane was backllt by an 
argon flash charge. 

In Fig. 2 are displayed both the field of view of the smear 
camera and a space-time record of the initiation process.  It should 
be pointed out that the optic axis of the camera obviously could not 
be arranged to be tangent to the shock wave throughout its travel. 
The optic axis was aligned parallel to the bottom of the nitromethane 
box and at a distance above it coinciding with the anticipated shock 
transition point. This geometrical compromise contributed a maximum 
error of 2% to the observed velocities. 

The results of two shots are listed in Table I.  These shots were 
chosen because only in these two were steady-state stick velocities ob- 
tained in addition to the plane-wave velocities of the initial shock 
and of the detonation wave immediately after the transition.  Unfor- 
tunately, the shock waves from these booster-attenuator systems were 
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TABLE I 

External Velocity Data For Nitrcmethane 

initia-j- - — — —- - --- 

Shock Detonation Stick Velocities 
Shot               Velocity Velocity 

Number             (mm/psec) (mm/yisec) 

D-5772 J+.33 6.57 

D-5773 k.2k 6.85 

Pin 
Numbers (mm/psec) 

1-5 6.2k 

2-6 6.36 

3-7 6.2k 

4-8 6.22 

1-5 6.2k 

2-6 6.25 

3-7 6.26 

h-8 -- 

(4.50)* (6.90)^ 
AVE.     6.26 

* Best estimates   from camera records of other  shots. 
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The camera records of the initiation process show three interest- 
ing features.  The initial shock wave proceeds at a constant or 
slightly decaying velocity, indicating that it is essentially a non- 
reactive wave; the transition is very abrupt, which we have found to 
be characteristic of homogeneous explosives; and the detonation ve- 
locity immediately after the transition shows an overshoot of about 
10i,  decreasing in a few microseconds to the normal detonation veloclbj 

The presence of overshoot can be demonstrated with the use of the 
average stick velocity as follows. From the work of Campbell, Malin, 
and Holland(6) we find the stick velocity of nitromethane to be given 
by the following equations, 

at 
a 
t 91.3^    D = 6.2125 - 0.00517 (l/d) (l) 
t 22.5°?    D = 6.37^5 - 0.01705 (l/d) (2) 

where D is the detonation velocity in mm/usec and d is the explosive 
diameter in centimeters (confined in glass tubes).  A linear interpo- 
lation is made to obtain an expression for the velocity at 70oF, the 
temperature of the nitromethane in the experiments discussed here. 

at 7C0F      D = 6.2627 - O.OO885 (l/d) (3) 

From (3) the velocity for a stick of 5.08-cm diara is found to be 6.25 
wm/ysec.    This value is compared with the average stick velocity in 
Table I, and the difference is added to the constant term of (3) to 
obtain a corrected estimate of the plane-wave detonation velocity for 
the lot of nitromethane used in the experiments discussed here.  Com- 
parison of this estimate (6.27 mm/yisec) with the best estimate for the 
overdriven velocity entered in Table I (6.90 mm/yisec) reveals the 
overshoot to be 0.63 trcn/jisec, or approximately 10%. 
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Type II Experiment:  Internal Velocity Measurements 

Given the results of the Type I experiments, the next problem was 
to locate the origin of the high-order detonation wave. This was done 
in Type II experiments. 

It was assumed that the chemical reaction accompanying detonation 
could best be identified by observing the change in electrical resis- 
tivity accompanying it.. To this end nitromethane could be prepared 
with a resistivity up to 5 megohm-cm.  In contrast, the reaction zone 
of the high-order detonation in this explosive was known to be quite 
conducting. 

After several preliminary experiments had been carried out using 
a pin technique, it became apparent that high-order detonation origi- 
nated at the attenuator-explosive interface. The general sequence of 
events is as shown in Fig. 3. Curve I represents the shock wave in 
the attenuator moving toward the attenuator-explosive interface. A- 
long II, the interface moves to the right with local particle velocity 
while a rather non-reactive shock wave precedes it along III.  High- 
order detonation originates at the interface and follows Curve IV to 
the transition point, V, where it overtakes the initial shock wave and 
passes into the unshocked explosive, proceeding along VI, 

3 

5^ 
'"sr 

: z TTy^y «. 

i . ITL /m 

-0.3       S 0.3            1.0 
K - em 

1.3 

\/ 
/          -1 - 

Fig. 3. Sequence of events in the initiation of a homoge- 
neous explosive. 

Because it was very difficult to obtain sufficiently uniform in- 
itiation over a sufficiently large area, a detailed pin record of the 
events in a single shot, a^ diagrammed in Fig. 3, was not attempted. 
(A camera record of these events is given in the section on Type IV 
Experiments below.)  Instead, the pin technique was employed to meas- 
ure the particle velocity Up and the detonation velocity D* in the 
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compressed nitromethane behind the initial shock wave , 
In Fig. 4 is shown the experimental arrangement. The plastic at 

a Pin« 
b Pin« 

Nitromcthan« 
1/2 mil Aluminum Foil 

JJ- Plastic Atttnuator 
■^ 70 mil« StMl 

Nitromcthan« Booster 

«— Composition B 

8' Plan« Wav« L«n» 

Detonator 

Fig. 4. Charge arrangement for Type II experiments. Six- 
teen a pins were arranged in a 1-in. diara circle 
at distances alternately 10 mils and 160 mils from 
the aluminum foil. Sixteen b pins were arranged 
in a 5/8-in. diam circle, half of them at 315 mils 
and the other half at 750 mils standoff. 

the plastic-explosive interface was coated with a ^-mil (5 x 10"^ in.) 
aluminum foil as a ground electrode. Eight pairs of pins were ar- 
ranged above the interface in a 1-in. circle to yield eight measures 
of the interface velocity, Curve II of Fig. 3. Eight additional pairs 
of pins were arranged in a 5/8-in. diam circle to yield eight measures 
of the detonation velocity. Curve IV of Fig. 3. 

The pins were designed so as to minimize pin drift in the sur- 
rounding mass flow. The first 16 pins were made of 3-mil diam tung- 
sten wire, and the second 16 were made of 15-mil wire with the ends 
tapered 1 in 4.  The tapered section was terminated with a flat sur- 
face 5 mils in diameter to facilitate measurement of the pin location 
relative to the plastic-explosive interface. 

The apparent values obtained in an experiment of this type are 
listed in Table II. These valuer are in error by an unknown amount 
because of drift of the pins in ehe mass flow of the surrounding ex- 
plosive. This drift causes the observed values of the particle ve- 
locity to be lower than the true one and causes the detonation veloc- 
ity values to be too high. 

A first-order correction to the apparent values of Up and D* can 
be made as follows. Referring to the schematic drawing. Fig, 5, Pins 
1, 2 sense the motion of the plastic-explosive interface; high-order 
detonation occurs in Interval £; Pins 17, 18 sense the motion of the 
detonation wave; and the detonation wave overtakes the initial shock 
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TABUE II 

Internal Velocity Data for Nitromethane 

Shot Number E-0374 

Pin 
Numbers 

Apparent 
Particle 
Velocity 

(mm/iisec) 
Pin 

Numbers 

Apparent 
Detonation 
Velocity 

D* 
(mrq/nsec) 

1-2 1.356 17-18 12,644 

3-4 1.438 19-20 12.835 

5-6 1.256 21-22 10,894 

7-8 1.177 23-24 10.257 

9-10 1.286 25-26 10.455 

11-12 1.286 27-28 10,330 

13-14   29-30   

15-16 1.351 31-32 9.779 

AVE.     1.307 AVE.    11.027 

 ' Pin 1 
1         Pin 2 

<         <         <                 PinlS 
a   1   b   1   c    1   d   1 

"•^Explosive-Plattic   Interfac«   1 

Fig. 5, Diagram for use in velocity calculations in Type 
II experiments. 
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wave beyond Interval ^. The following symbols are defined» 

W Pin drift velocity. 
Up Interface velocity. 
D* Detonation velocity in compressed nitromethane. 
b Distance between Pins 1» 2, measured normal to interface. 
£ Distance between Pins 17, 18, normal to interface. 
ti Time betweei. signals from Pins 1, 2. 
t2 Time between signals from Pins 17, 18, 

The assumption is made that the pins drift at constant velocity, 
W, after contact by the initial shock wave. The further assumption is 
made that the velocity of the initial shock wave is 4.5 mm/(isec (see 
Table I). The following relation then holds, 

Upti = b - ^ W + Wti (4) 

where -JPT W is the distance Pin 1 drifts during the time required for 
the initial shock wave to traverse the Interval ja. Wtj is the dis- 
tance Pin 2 drifts during the time required for the interface to move 
from the tip of Pin 1 to the tip of Pin 2. A similar relation holds 
for the motion of the high-order detonation wave. 

D*t2 = d - ^ W + Wt2 (5) 

It is assumed that the detonation velocity, D*, is equal to the 
detonation velocity of uncompressed nitromethane (rounded to 6,30 
mm/nsec) plus an increment due to the density increase behind the ini- 
tial shock wave plus the local particle velocity: 

D» = 6.30 + 3.20 (/O-^o) + U0 (6) 

where the velocity dependence on density is taken to be 3.20 im/\isec 
g/cc,VO' and /JQ 

an^ P are the initial  (1.125 g/cc) and final densities, 
respectively, of the nitromethane.    Since 

U, 

D* = 6.30 + 3.20    —-Bg    />0 + up (8) 

In solving Equations 4, 5, 8 simultaneously, the value of b/t^ is 
taken to be 1.30 (Table II) and d/t2 is taken to be 11,0 mm/jisec. The 
following results arc then obtained: 

W = 0.56 nrvVsec 
Up = 1,70 mrr/psec 
D* = 10,19 nm/iisec 
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From the expression, 

P=/tyJpUs, (9) 

the pressure behind the initial shock wave can be calculated. Taking 
the value of 1.70 mm/jisec for Up and 4.5 mm/^sec for Us the pressure 
is found to be 86 kb. 

The approximation made in Equation (6) is not justified by any 
simple theory. There must be additional velocity changes from the 
change in pressure and the change in initial internal energy. These 
will be of opposite sign and may cancel, but they cannot be shown to 
be small by any method yet found. The calculation is included because 
it seems to agree so well with the results of the pressure measure- 
ments described for the Type I experiments.  It would also be possible 
to estimate the pin drift velocity and arrive at about the same re- 
sult, because the corrections to the pin data are small. The fact 
that the detonation velocity in the compressed explosive can be found 
by making only the density correction and using the coefficient found 
from experiments performed by varying the initial temperature at am- 
bient pressure is interesting, but has not yet been related to the 
theory. The detonation velocity in compressed liquid TOT can also be 
closely approximated by making a similar density correction. 
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Type III Experiment:  Observation of Detonation Light 

For nitromethane and other transparent explosives, clarification 
of initiation behavior can be obtained by viewing a test charge normal 
to the shock wave and photographing ^he light generated by the charge 
Itself. The charge setup is shown in Fig. 6. 

Nitromethane 

m^. I" Plottic 
*- 1/8" Steel 
—1-1/2" Composition B 

6 diam Plan« Wave 
Generator 

Detonator 

Fig, 6.  Charge setup for Type III Experiments.  Shot E-0609 

The smear camera record obtained for nitromethane initiated by 
the attenuator-booster system of Fig. 6, is shown in Fig. 7. At time 
F, the initial shock wave entered the nitromethane as indicated by the 
flas'h of light from a bubble mounted on the attenuator surface. A de- 
tonation spread from this bubble (see Experiment VIII for discussion 
of effects of bubbles). At time A, detonation appeared across k in.of 
the attenuator surface, simultaneous within 0.08 usec.  This weak 
light comes from detonation in the nitromethane which has been com- 
pressed by the initial shock. This detonation overtakes the shock, 
giving a sharp increase in intensity on the film at time B which soon 
decays to the intensity of steady-state detonation. 

Better measurement of U and D* can be made from records of this 
type than from Type II experinents in which it is necessary to assume 
constant pin drift velocity. 

The distance d at which the detonation D* overtakes the shock can 
be computed along two paths as can be seen in Fig. 8. Equating the 
expressions so obtained gives a relation between the velocities, U , 
Js, and D*. Thus 

Us *1 "p (t! - t2)+D* t2 

his equation can be  solved for D* by substituting into it the meas- 
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Fig. 7.  Smear camera record of detonation light from nitro- 
methane charge of Fig. 6.  Shot E-O609.  Time in- 
creases to the right. 
F:  The flash of a bubble marks the time of entry 
of the shock wave into the nltromethane. 
A:  Detonation initiates at the attenuator-nitro- 
methane interface. 
B:  Time at which the detonation in the compressed 
nitromethane overtakes the shock wave. 
The times used in the text are defined as follows: 
ti = B - F 

^2 

t« 

s B - 

: A - induction time 

ured values of U^, Up, t-^ and tg. The fi-ee-surface velocity of one 
booster-attenuator system was measured, and the impedance match tech- 
nique gave Us = 14-.5 mm/psec and Up = 1.6 mm/jasec as described in the 
section on Type I Experiments. These values correspond to a pressure 
of 8l kbar. These values will be assumed to be identical in all the 
experiments, because the pressure changes from one experiment to an- 
other are only about 5"$- The values of t^ and to from several ex- 
periments, smd the calculated values of !> are given in Table III, 
Column h.    The four shots for which data are given in the table are 
tnose which illustrate this paper, and averages are presented for 
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another series of shots. 

Fig. 8. Space-time representation of initiation behavior 
of nitromethane. The initial shock enters the 
nitromethane at time 0. 
U = Shock velocity 

U_ = Particle velocity 

DQ = Detonation velocity, steady-state 

D» = Detonation velocity in compressed nitro- 
methane 

t* = Induction time 

It is instructive to compare the results obtained for D* with the 
solutions to Equation (9) obtained by substituting from Equation (8) 
to eliminate D*. Equation (9) may then be solved for Up, giving 

Up = Us i(D0 -c*/Oo)t - ([us - i(Do -o</5o)t]2+us Dot - us
2) 

\ '(li 
where t = Wt^ D0 is the normal detonation velocity,_and oi 
velocity dependence on d.nsity used in Equation (6) 
values used in Experiment IIy 

U„ = I*.5 - i.35t (l6.2t-H,82t2)2 

U0) 
is the 

For the same 

(11) 

The assumptions made in this analysis are that initiation occurs at 
the nitromethane-attenuator interface, that D» is adequately repre- 
sented by Equation (8), and that both D» and Us are constant. The re- 
suits are given in Columns 6,7,  and 8 of Table III. 

The light from the detonation in the compressed nitromethane is 
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weaker than that from the normal steady-state detonation. The differ- 
ence In brightness corresponds to a temperature difference of about 
iSO^ between two black bodies of brightnesses equal to those of the 
two detonations. We interpret this brightness difference to mean that 
the detonation in compressed nitromethane has a lower temperature than 
detonation in normal explosive. Little of the light from the former 
explosive is absorbed by the nitromethane behind the shock front, since 
its intensity remains constant as the detonation approaches the shock 
wave. 

It is important in these shots that the initial shock wave be 
plane and smooth. Although the time of arrival of the shock which 
entered the nitromethane of Fig. 7 was the same at every point within 
0.01 psec, some fuzziness in the initiation is apparent. This is due 
to small pressure variations across the wave front. Several points 
detonated 0.1 usec before the rest and a strong interaction is visible 
where the shock was overtaken by the by the detonation. Further dis- 
cussion of this point is included in Type VII experiments. 

TABLE III 

Results of Detonation Light Observations 

Shot 
Number 

tl 
(usec) 

t2 
(usec) 

D* (a) 
(mm/usec)    t 

up 
(mm/usec) 

D* (b) 
(mm/usec) 

P 
(kb) 

E-O609 1.07 0.37 9.99    0.346 1.62 9-95 82 

D-6207 1.22 0.41 10.25     O.336 1.67 10.10 85 

2.9k 1.00 10.14    0.340 1.65 10.03 84 

E-0577 4.53 1.39 11.08    O.306 1.82 10.57 92 

E-o6314- 1.07 O.36 10.16    0.339 1.65 10.05 84 

1.61 0.53 10.50   0.326 1.72 10.25 87 

Averages of 13 
Mean Deviations 

shots: 
• 

10.44    0.328 
* 0.50    *0.020 

1.71 
*0.10 

10.22 
* 0.30 

86.6 
* 5.0 

(a) Calculated assuming Us = 4.5 mm/psec. Up = 1.6 nim/)isec, and 
P = 81 kbar. 

(b) Calculated assuming Equation (8). 
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Type IV Experiments: 
Smear Camera Record of Complete Initiation Process 

Each of the three preceding types of experiments was aimed at ob- 
taining information about some part of the  initiation process.    The 
combined experimental results gave a picture of events as diagrammed 
in Fig. 8.     When this  stage of the  investigation had been reached it 
was felt to be desirable to obtain a single record showing all of the 
events in their proper relationship.    For this purpose the charge 
arrangement  shown in Fig.  9 was designed. 

Floth Chorgi 

Frasml L«n* 

Mirror 

Gto»» Window 
Meo Seal«        \ 

Nitromothont 
l" Plastic 
QUO' Stool 
Nitromothan« 

Booafor 
1/2" Composition B 

8" diom Plan« Wovt 
Sontrotor 

Dttonotor 

Fig. 9-  Charge arrangement for Type IV Experiments. 

A scale was inserted in the nitromethane to be studied to aid in 
recording the progress of the various waves. This scale was designed 
to have as little mass as possible so as to minimize its effect on 
the initiation process.  It was made of two sheets of mica, each less 
than 1-mil thick.  One face of one sheet was finely ground so as to 
make it a good scatterer of light. Then a scale was formed on the 
surface by depositing evaporated aluminum through a grid, leaving 
narrow uncoated lines as graduations. Finally, the coated surface was 
cemented to the second sheet of mica with Canada balsam.  This filled 
the scratches, leaving the graduations transparent. The distance from 
the bottom of the scale to the first line was 1/8 in.; the distance 
between lines was l/U in. 

The scale was illuminated with light from an argon shock light- 

Unclassified 
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source using a plastic Fresnel lens to image the source on the subject. 
After the light left the Fresnel lens, it passed by successive reflec- 
tion from the front surface of the plastic attenuator, to the scale, 
to a small mirror before the Fresnel lens and, finally, to the object- 
ive lens of the smear camera. 

Fig. 10.  Smear camera record of Type IV Experiment. 

Figure 10 shows the sn.ear camera record from such a shot, and 
Fig. 11 is a diagrammatic interpretation of the record. The expla- 
nation is as follows. At Time 1 the argon light, source began to illu- 
minate the scale, the graduations producing the Lines a, b, c, d.  At 
Time 2, the attenuated shock wave entered the nitromethane and pro- 
ceeded up the scale as shown by Line A.  Line B shows the motion of 
the attenuator-explosive interface, and just above it is a line form- 
ed by the motion of Graduation a and a second line due to a flaw in 
the scale. 

At Time 3,   initiation occurred at the plastic-nitromethane Inter- 
face, and argon shock light was no longer reflected from the plastic 
to the scale.  Consequently, the scale appeared less bright and deto- 
nation light was recorded through the transparent Graduation d.  High- 
order detonation in the compressed nitromethane followed the Line C. 
The intersection of Lines C and B shows that initiation occurred at 
the plastic-nitromethane interface. 

The intersection of Lines C and D is the point on the scale at 
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Fig.   11.    Explanatory diagram of Fig.  10. 
duction time. 

Time 2-3 is in- 

which the detonation wave in the shocked nitromethane overtook the 
initial shock wave. Detonation in unshocked nitromethane then pro- 
ceeded along Line D-. Along Line E the initiation of detonation at the 
attenuator-explosive interface spread to points progressively farther 
from the charge axis, and along Line F the detonation wave overtook 
the initial shock wave, the departure from verticality (simultaneity) 
showing that the latter wave was not flat. 
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Type V Exoeriment. Dependence of Induction Time on Initial Temperature 

The time between the entrance of the initial shock and initia- 
tion, the induction time, should be strongly dependent on the initial 
temperature of the nitromethane, A series of Type III experiments was 
performed in which the initial temperature of the nitromethane was 
varied from l.S^ to ASOC. The same booster-attenuator system, shown 
in Fig. 6, was used for all shots. Since the pressure of the initial 
shock wave was dependent on the density, a small correction should be 
made for the chanye of density with temperature. The booster- 
attenuator system was kept at 250C  for all shots. The nitromethane 
in a plastic box was controlled at the desired shot temperature to 
within l«^, then mounted on the attenuator a few minutes before fir-'■ 
ing. The temperature at several points in the nitromethane was moni- 
tored with thermocouples throughout the experiment. Results of sever- 
al shots with different lots of nitromethane are given below. 

TABLE IV 

Results of Induction Time vs Initial Temperature Experiments 

Shot 
Number 

Temperature 
(°c) 

Indi jction Time 
(jisec) 

Lot 1 E-0590 1.7 5.0 

E-0588 26.8 1.3 

Lot 2 E-0602 6.3 1.5 

E-0603 36.7 0.57 

E-059S 45.5 0.45 

These results illustrate the strong dependence on the ambient 
temperature. About 1C% decrease (30°K) in the ambient temperature 
produces an increase of 300;a in the induction time. The two lots of 
nitromethane came from different bottles from the same supplier« The 
effects of sensitizing and desensitizing agents are large. For any 
quantitative measurement of induction time it is necessary that all 
the nitromethane come from the same bottle and be used within a few 
days. 

Type VI Experiment. Dependence of the Induction 
Time on the Initial Shock Pressure 

In performing the experiments already described, it soon was dis- 
covered that the induction time depended strongly on the initial shock 
pressure, and close control of the booster-attenuator system was nec- 
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essary to get reproducible results. 
To measure this dependence a shot was made following the pattern 

of Type III experiments. A step was machined into the upper surface 
of the attenuator so that one half was •£ in, thicker than the other. 
This resulted in pressures into the nitromethane on either side of the 
step which differed by 3,3%.    This pressure difference was determined 
on a replicate booster-attenuator system by optical measurements of 
the shock and free-surface velocities of the plastic and by subsequent 
impedance-matching calculations. As can be seen from the data in 
Table V, the inductions times differed by 26%.    This result was sup- 
ported by additional experiments. These data may be interpolated to 
show that a 10-mil change in the thickness of the plastic attenuator 
produces a 1% change in the induction time. 

TABLE V 

Results of Induction Time ^g, Shock Pressure Experiments 

Shot Numbers B-4485, B-4488 

Attenuator Thickness P t* 
(inches of plastic) (kb) (psec) 

1.20 86 2.26 

0.9b 89 1.74 

Type VII Experiment. Effect of Rough Initiating Shock Wave 

The variations in induction time observed across the attenuator 
plate of every shot fired indicated that very small pressure varia- 
tions caused large effects. The plastics used in most shots were of 
optical quality, because the standard quality showed more pronounced 
variations. These facts suggested that variations in the attenuator 
caused tiny shock wave interactions in the liquid nitromethane, with 
consequent formation of small local hot spots. The experiments to be 
described were designed to discover how much the induction time would 
be shortened by interactions of controlled size purposely introduced. 

These shots were identical with those of Type III experiments, 
except that grooves were ruled in one half of each Plexiglas attenu- 
ator plate. In the shot illustrated in Fig. 12, the grooves, of tri- 
angular cross section, were 20 mils deep and spaced 25 mils apart so 
that the tops were sharp. The Plexiglas was coated with a thin layer 
of paint to prevent attack by the nitromethane. The two induction 
times, 1.9 and 0,8 \i&ec,  are strikingly different. The smallest 
grooves tried, 6 mils deep and 8 mils apart, still caused a decrease 
in the induction time, but only by 15^. The shock impedance of the 
Plexiglas and the nitromethane are so close together that the ampli- 
tude of the ripples in the emergent shock is only 5^ as large as the 
grooves themselves. It is easy to see that if the wave emerging from 
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Fig.  12»    Smear camera record of  effect of rough shock wave 
on induction time. 
Fi    Shock  enters  nitromethane. 

Detonation is  initiated in compressed nitro- 
methane at interface between nitromethane and 
grooved attenuator plate. 
D* overtakes  shock. 
Detonation is  initiated at interface of nitro- 
methane and smooth attenuator plate. 
D* overtakes  shock. 

As 

B: 
Ci 

D: 
Induction time,  t*t 

Shot D-6207. 

Over grooved plate A - F. 
Over grooved plate C - A, 

the attenuator  is  not almost perfect,   the induction time will  be arti- 
ficially shortened.     It  is apparently  impossible to be sure that any 
of these experiments  gives the  induction time corresponding to a per- 
fectly plane shock wave. 

Type VIII  Experiment.     Effect of Bubbles 

In the description of Type   III experiments   it has been pointed 
out that a  gas  bubble can cause   initiation as soon as  the shock hits 
it.    The experiments  to be described  here were performed to investi- 
gate  initiation by bubbles of various  gases.     In the course of the 
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investigation, knowledge of the effects of shock wave interactions 
suggested that the major effect of the bubble was to produce a shock 
interaction. Therefore, "bubbles" of solids were also introduced. 

The experiments were done exactly as those of Type III, with the 
gas bubbles on the surface of the attenuator plate.  It was found that 
a very small amount of silicone vacuum grease on the plastic plate 
would hold the bubbles in place under the surface of the nitromethane. 

Bubbles, formed by forcing gas through a capillary into nitrome- 
thane, were caught under clean glass. Because the contact angle be- 
tween the nitromethane and glass was zero, the trapped bubbles were 
spherical. The diameter of each bubble was measured and each bubble 
was transferred under nitromethane to the shot box.  In position on 
the attenuator plate, the shape of the bubble was no longer spherical. 
Hereafter, the diameter measure is used to mean a bubble having the 
volume of a sphere of that diameter. 

Several kinds of initiation behavior, for a shock of given 
strength, result from the presence of a bubble in nitromethane. If 
the bubble is sufficiently large, in the order of 0.7 mm in diameter, 
detonation will spread almost immediately from it after it is shocked* 
Smaller bubbles, in the order of 0.4 mm, cause some reaction to take 
place in the nitromethane, but detonation occurs at or near the shock 
front after it has run a distance dependent on bubble size and the in- 
itiating conditions. From still smaller bubbles, initiation will not 
occur on our time scale, although the bubble may glow for several mi- 
croseconds. Figure 13 shows these three cases for argon bubbles 
mounted in nitromethane. 

To determine whether shock heating of the gas, or heating of the 
explosive in a local region due to the pressure interaction at the 
bubble is the more important cause of this initiation behavior, bub- 
bles of gases with different v's were introduced. Argon (Y= 1,67) 
and butane (Y = 1.1} should be heated to quite different temperatures 
when shocked. The argon bubbles caused initiation in a slightly 
smaller time than butane bubbles of the same diameter, but the effect 
was much less than would be expected from the anticipated large tem- 
perature difference. To show conclusively that the pressure inter- 
action is the effective cause, small pieces of plastic and tungsten, 
as well as bubbles, were introduced into nitromethane. Both of these, 
although raised to a relatively low temperature by the shock wave, 
caused initiation with close to the same induction time as the bub- 
bles, as can be seen in Fig. 14. Most of the apparent delay occurs 
because the plastic and tungsten extended farther into the nitrome- 
thane than the bubbles. 
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Fig, 13.  Smear camera record of bubbles in nitromethane. 
Time increases to right. 
Argon bubbles:  1. 3/4 mm diam, 

2. l/2 mm diam. 
3. 1 mm diam. 

Shot E-0577. 
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Fig. 14. Smear camera record of initiation of nitromethane 
by pressure interactions. Time increases to the 
right. 
F:  Shock enters nitromethane. 
Ai Detonation is initiated at attenuator-nitro- 

methane interface. 
B:  Detonation overtakes shock. 
1:  Air-filled hole in attenuator, l-mm diam, 

l/2-mm deep covered with l/2-mil Mylar. 
2. Tungsten rod, l-mm diam, 2-l/2-mm long (l-3/4-mm 

extension into nitromethane). 
3a.  Air bubble. 
3b. Argon bubble, O.S-mm diam. 
4,  Plastic, approximately l-mm diam. 
The lower part of the picture shows delayed ini- 
tiation, probably due to a defect in the plastic 
attenuator.    
Shot E-0634. 
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Type IX Experiment, Other Explosives 

The results described thus far were obtained with nitromethane. 
To be sure they were not unique to nitromethane, twenty-five experi- 
ments, chiefly of Types I and III, were done with other liquids, name- 
ly, molten DINA, molten TOT, and Dithekite 13 (63/24/13 HNO3, nitro" 
benzene, H2O). One striking difference appeared. The weak light from 
the detonation in the shocked liquid was not observed for any of these. 
All three are yellow  but transparent enough to transmit enough light 
from a source as bright as the detonation in compressed nitromethane 
to be photographed. Otherwise, the behavior was the same as for nitro- 
methane. The overshoot brightness which quickly decreased to steady- 
state intensity was observed. Bubbles produced the same effects as in 
nitromethane. We believe that the same mechanisms are active in these 
explosives as in nitromethane but the detonation behind the initial 
shock has an even lower temperature than was found for nitromethane. 

Finally, the initiation of single crystals of PETN has been found 
to occur exactly as does initiation of nitromethane. The experiments 
are described in Reference 7. The smear camera record reproduced 
there, similar to Fig. 2, can be interpreted in the same way as are 
Type I experiments here. 

Preliminary information about three of these explosives is listed 
in Table VI, The values are approximate, 

TABLE VI 

Initiation Data for Other Explosives 

Explosive 
P 

(kb) 
T 

(°c) 
t* 

(lisec) 
D* 

(mnvVsec) 

TNT 125 85 0,7 11,0 

Dithekite 13 85 25 1.8 12,2 

FETN 112 25 0,3 10.9 

DISCUSSION OF RESULTS 

Many authors have considered thermal explosion theory to be im- 
portant in explaining the process of initiation,^' Among these the 
recent treatment by Hubbard and Johnson(2) is perhaps the most perti- 
nent here. They developed a theory for a semi-infinite homogeneous 
explosive, and from calculations observed the general behavior which 
we have observed independently in experiments. They found that when 
an element of explosive had been subjected to a shock wave of the pro- 
per strength, a time interval, referred to as a "time delay" or an 
"induction time", ensued in which almost no chemical reaction took 
place. Then complete reaction occurred in a relatively very short 
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tine, and this reaction then moved forward as a detonation wave. 
Unfortunately, Hubbard and Johnson attempted to 9gPly their theo- 

ry to the experimental results of Majowicz and JacobsW for physical- 
ly inhomogeneous explosives, where the initiation mechanism was quite 
different,(9) The theory is more suitably applied to the process of 
initiation in nitromethane. In what follows, the attempt will be made 
to follow the notation and treatment of Hubbard and Johnson. 

The assumption is made that the reaction in nitromethane follows 
an Arrhenius rate law containing the term exp E^/RT, where E^ is the 
activation energy, R is the gas constant, and T is the local tempera- 
ture. The substitution is made for T, 

T = (Eo/Cv) + (Qf/Cv) (1) 

where EQ is the specific internal energy behind the initial shock 
wave,  Q is the heat of explosion per gram,  f is  the fraction of unit 
mass reacted, and Cv is the average specific heat at constant volume. 
The following expression is ultimately obtained  for the reaction time: 

of 

t^V'1 (1 - fTN exp[€/Eo + Qfjdf        (2) 

where t is the induction time, z^ is the "collision frequency", N is 
the order of the reaction, and € = CVEA/R. Since most of the reaction 
time is due to values f — 0, the integral becomes 

t = ^"1(Eo/Cv)
2(q/Cv)~

1(EA/R)'
1 exp [(EA/R)(Ec/Cv)-

1] (3) 

The values in parentheses correspond to temperatures. 

Ec/Cv = To (4a) 

Q/Cv    = If (4b) 

EA/R = TA (4c) 

Here, TQ is the temperature behind the initiating shock,Tf is the tem- 
perature of the reaction products, and TA is the activation tempera- 
ture.  In Equation (4b) Cv is the average specific heat of the reac- 
tion products, and the value is taken to be the same as that for the 
unreacted explosive. Equation (3) may then be rewritten in the form 

t = V"1 To2(TfTA)"
1 exp TA/TQ (5) 

We now wish to calculate a value of t using the following experi- 
mental data for nitromethane. 
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V   > 1014-6/sec Ref. 10 

EA   ' 53,600 cal/g Ref. 10 

us     ' 4,5 mm/jisec 

UP ' 
1.70 mm/iisec 

p 86 kbar 

& 1.125 g/cc Ref. 11 

Q 1.28 kcal/g Ref. 12 

c„ 0.41 cal/g/oc Ref. 13 

The value of TQ is computed from the following two relations, 

AE = i pAv (6) 

and 

T0 = 300 + AE/CV (7) 

where AE is the increase in internal energy across the initiating 
shock. AE was found to be 345 cal/g giving the result 

TQ = 1140oK (8) 

Tf corresponds to the temperature of the reaction products in the 
detonation wave in the compressed nitromethane. Estimated from Q/Cv 
the value of Tf is found to be 4260oK.  (This value may be compared 
with the value of 3200°K obtained by W. C. Davis^14) from photographic 
brightness measurements.) Inserting appropriate values in Equation 
(4c) 

TA = 27,000OK (9) 

Substitution of these temperature values in Equation (5) gives 

t = 0.6 |isec (10) 

This value of t is in good agreement with our experimental observa- 
tions when due regard is given to the uncertainties in the numerical 
values used in the calculation. These very crude calculations can be 
used only as order-of-magnitude confirmation. The--agreement is no 
doubt in large part fortuitous, because the thermochemical numbers may 
change as the pressure is increased. 

A similar calculation for the PETN data, using the measured ther- 
mochemical data of Robertson^15' or of Cook and AbeggU6' shows rea- 
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sonable agreement. The two sets of data give values which bracket our 
experimental values. 

An estimate of the sensitivity of the induction time to variation 
of the temperature behind the initial shock wave is obtained from 
Equation (5) by taking logarithms and differentiating 

d± = 2£o.lA£o (11) 
t TQ        TQ   TQ 

Substituting the values calculated above for Ty^ and TQ and collecting 
terms gives 

df = - 21.7 ^ (12) 

Equation (12) shows that for a change in the initial shock temperature 
of 1^, or 11.40K, in the calculation leading to Equation (10), the re- 
action time is changed by 21.7^' or 0,13 (isec This agrees with the 
experimentally observed sensitivity of the induction time to initial 
shock strength found in Type VI experiments, although the sensitivity 
is expressed in terms of temperature rather than pressure. 

The extreme sensitivity of the induction time to changes in the 
initial shock temperature is characteristic of homogeneous explosives 
and is responsible for the extreme difficulty found in obtaining ex- 
perimentally reproducible induction times.  Intrusion of strong rare- 
factions, as Hubbard and Johnson's calculations showed, lowered the 
local temperature and stopped chemical reaction. It was this effect 
of rarefaction from the charge boundaries and in the Taylor wave from 
the booster system which forced the use of the large-diameter charges 
described in this paper, and which prevented even then the study of 
initiation involving induction times of more than a few microseconds. 

Local increases in the shock temperature can also be effected by 
reflecting the mass flow from inclusions of higher shock impedance 
than nitromethane, or by causing local convergences in the mass flow, 
which result in increased compressional heating of the explosive. If 
these local increases in temperature are great enough, reaction will 
take place. The results of this reaction may be to hasten the onset 
of detonation throughout the shocked explosive, as in the Type VII ex- 
periments, or if a single defect is large enough, the result, may be 
the onset of detonation over a very small area, as shown by the Type 
VIII experiments.  It follows that the stronger the initial shock wave 
the more easily can chemical reaction be effected at hot spots. 

These experiments have presented severe problems of technique, 
not all of which have been solved satisfactorily. The quantitative 
measurements for use in an accurate comparison with thermochemical 
calculations can not yet be made. The explosive varies enough from 
batch to batch, even with the most careful purification, that one can- 
not specify the explosive properly. Even though one may determine an 
activation energy and "frequency" factor, one does not know to what 
explosive they belong. The shock waves used were not flat-topped 
pressure pulses, having been generated from detonation waves with 
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drooping Taylor waves even when very large charges were used. The 
sensitivity of the initiation to small shock wave interactions has 
been demonstrated, but it has not yet been possible to demonstrate 
that the attenuator plates do not have small inhomogeneities which are 
present in all experiments. These, if they are present, do not affect 
the qualitative conclusions, but they might invalidate quantitative 
results. All of these difficulties must be overcome before quantita- 
tive measurements can be presented as dependable. 

The qualitative results are, however, completely unambiguous. 
The experiments show clearly a thermal explosion resulting from shock 
heating. Excellent agreement with the simple theory is demonstrated. 
The details of the process have all been examined. The experiments 
also show that small shock-wave interactions have large effects on the 
initiation process. These interaction experiments give a very useful 
insight into the differences between the initiation of homogeneous ex- 
plosives and the more complicated problem of the initiation of inhomo- 
geneous explosives, because they provide some view of the common 
ground between the two. 
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SHOCK INITIATION OF SOLID EXPLOSIVES* 

A. H. Campbell, W. C. Davis, J. B, Ramsay, and J. R. Travis 
University of California, Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 

INTRODUCTION 

In this paper we shall describe an experimental investigation of 
the initiation of inhomogeneous solid explosives by strong, plane 
shock waves, with high-order detonation taking place in less than 10 
(isec. The initiation process is observed to be very complicated, and 
still is not understood in detail, A previous paper(1) has discussed 
the initiation of liquid and other homogeneous explosives, which show 
a behavior much different from that of solid inhomogeneous explosives. 

There has been much experimentation on the initiation of solid 
explosives, and recent papers are well reviewed elsewhere.\2-5) NQ 

attempt will be made in this paper to review the published work on the 
subject. The work of Majowicz and Jacobs' ' is especially pertinent, 
because their experiments are similar to ours, and their observations 
agree with ours in many respects. 

The conclusions of this paper are based on more than 200 separate 
experiments, and not all of them can be described or even discussed 
here. A selected few of the experiments are described to provide evi- 
dence in support of the conclusions drawn. No conclusion is based on 
an isolated result, although in some cases only one result is present- 
ed here. 

Experiments'^' with liquids and other homogeneous explosives have 
shown that initiation results from shock heating of the liquid, and 
that the simple ideas of thermal explosion explain all of the phenom- 
ena adequately if the shock wave is plane and smooth.  If the shock 
wave is uneven, regions of convergent flow exist, and the local in- 
crease in compression results in "hot spots" which, because of the 
strong dependence of the reaction rate on the temperature, strongly 
influence initiation. 

In polycrystalline explosives, the shock wave is rough with lo- 
cal convergences caused by the inhomogeneous nature of the explosive. 

* Work done under the auspices of the U. S. Atomic Energy Commission. 
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Smear camera photographs show that the detonation wave front in press- 
ed or cast explosive is rough, indicating that the flow is irregular 
in its fine detail. Reaction takes place in these very small regions 
of convergence distributed throughout the explosive, and makes a major 
contribution to initiation. Initiation thus depends strongly on the 
type, number, and distribution of the inhomogeneities which cause the 
shock interactions. 

The techniques employed, which have evolved in the course of the 
work, are sometimes elaborate and difficult. The descriptions of the 
experiments have been grouped as types of experiments, and often the 
grouping is according to technique rather than scientific purpose. To 
help the reader to understand why some of the experiments were done, a 
brief description of the initiation behavior of solid explosives, as 
shown by these experiments, is presented here without any evidence or 
detail. 

When the shock wave enters the explosive, it proceeds at a slowly- 
increasing velocity for a distance which is a function of the shock 
pressure. Then the velocity increases in a short but measurable time 
to the value associated with high-order detonation. The velocity 
transition is not abrupt as it is in the case of liquids, nor is there 
any strong overshoot in the detonation velocity after the transition, 
again in contrast to the behavior of liquids, Retonation (detonation 
backwards through the partially-reacted explosive) has not been ob- 
served, although retonation in small diameter sticks has been report- 
ed by Cook^7' and others. 

The initial pressure of the shock wave in the explosive under 
study has been determined by the use of a method which is not com- 
pletely satisfactory, but which is the only method available at pre- 
sent. In the experiments described in this paper, the shock wave en- 
ters the explosive from a booster-attenuator system, which has an in- 
ert (usually metal) plate in contact with the explosive. The assump- 
tion is made that the pressure and particle velocity are the same on 
both sides of the attenuator-explosive interface, the usual boundary 
conditions when dealing with shock waves in inert materials. Because 
we are studying initiation, which cannot be a steady state, these 
boundary conditions cannot be exactly correct. The free-surface ve- 
locity of the attenuator is measured and the approximation is made 
that the particle velocity, Up^, is equal to one-half the free-surface 
velocity. Other experimental data include the initial density, /QE» 
and the initial shock velocity, U3E, in the explosive. Assuming that 
the shock Hugoniot of the attenuator material is known, the free- 
surface velocity measurement permits the evaluation of the shock pres- 
sure, P^, and the particle velocity, Up^, in the attenuator. The pres- 
sure, pj:, and the particle velocity, Upg, in the explosive are then 
found by determining the intersection of the attenuator rarefaction 
locus, approximated by reflecting the attenuator Hugoniot about the 
line UpA = constant, and the locus for the state of the explosive, 
given by the conservation of momentum relation 

PE/U-E = foE  UPE 
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This process is illustrated in Fig. 1, For a more detailed discus- 
sion of the method of calculation, see, for example, Reference 8, 

When the shocked material is an explosive, the equation 
PE 

= ^E ^SE UPE holds for a steady state detonation, but the process 
of initiation cannot be regarded as a steady state. In the experi- 
ments to be described, the explosive reacts to some small extent imme- 
diately behind the shock front, and the extent of reaction increases 
as the shock wave proceeds. In the region near the explosive-metal 
interface where only a small part of the explosive reacts, the above 
expression for the pressure will hold with sufficient accuracy to be 
useful. Throughout this paper values of the pressure in the explosive 
will be understood to include some error from this source. 

ATTENUATOR 
HUGONIOT 

ATTENUATOR 
RAREFACTION 

LOCUS 

E-UPE) 

PARTICLE    VELOCITY 

Pig. 1. Graphic method of obtaining shock pressure and par- 
ticle velocity in under-initiated explosive. 

EXPERIMENTAL 

Type I Experiment: Wedge Technique with Smear-Camera Records 

The solid explosives studied here are not transparent and must 
therefore be studied by observing a free surface, if camera tech- 
niques are to be used. An explosive booster-attenuator system used 
to send a shock wave into the explosive to be studied is shown in 
Fig. 2. The latter explosive is in the form of a wedge, so that pro- 
gress of the shock or detonation wave can be seen as motion along the 
slant face. This motion can be observed best if the slant face has 
been covered with a thin (0.00025 in.) film of aluminized Mylar plas- 
tic'6^ and illuminated with an intense light source. The alignment 
is such as to reflect the light from the plastic film to the camera. 
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DETONATOR 
COMPOSITION   B 

>*}¥ 

ALUMINIZED 
MYLAR   FILM 

NICKEL 

BARATOL 

8   INCH 
PLANE   WAVE 

LENS 

DETONATOR 

Fig, 2, Charge arrangement for Type I experiments. 

As the shock wave proceeds along the slant face, the mass motion of 
the explosive causes a tilt of the reflecting surface so that the 
light is no longer reflected to the camera. This arrangement gives a 
sharp cut-off of light and a well-def.'ned record. The smear camera is 
aligned along a line of steepest descent of the wedge and is focussed 
on the slant face. 

Figure 3 shows a smear camera record, which is just a space-time 
plot, obtained with this technique, and Fig, 4 shows the interpreta- 
tion. The velocity of the shock wave is obtained from the slope of 
the space-time plot. The free-surface velocity of the attenuator 
plate is measured with electrical contactors spaced above the plate, 
or with camera techniques applied to a duplicate booster-attenuator 
system. Using the method described in the Introduction the pressure 
and particle velocity behind the initial shock in the explosive can be 
estimated. 

The results of the analysis of the record reproduced in Fig, 3 
are given here as an example of the information obtainable from ex- 
periments of this type. The explosive wedge was made of cyclotol 
(65/35 RDX/TMT) with an initial density,/^, of 1.71 g/cc and a base 
angle of the wedge of 36° 25', 
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Fig. 3. Smear camera record of the cyclotol (65/35 RDX/TNT) 
wedge shown in Fig. 2. Light reflected from the 
slant face of the wedge is cut off as the shock wave 
moves up the wedge. Two straight lines have been 
added for ease in visualizing the curvature of the 
space-time plot. Time increases to the right; the 
toe of the wedge is at the bottom. Space scale 
applies to the slant face. Shot D-6082. 

TRANSITION 

INITIAL    SHOCK 

TIME 

Fig, 4. Interpretation of smear camera record of Fig, 3, 
This figure is a tracing of the camera record, 

A space-time plot was made of the smear-camera record by dividing 
the space dimension into 61 equal parts, as shown in Fig, 4, and read- 
ing the corresponding time values. After converting the space values 
to distance of shock travel in the wedge, polynomials of first, second 
and third degree were fitted to the first 14 points and to the last 
45 points, thus omitting the region of the greatest curvature.  It was 
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found for the initial shock that the second-degree polynomial gave a 
better fit than either the first- or third-degree polynomials. For 
the portion of the curve above the transition to high-order detonation 
a second-degree equation also gave the best fit. In the latter fit, 
although the quadratic coefficient was statistically significant, its 
magnitude indicated that it could have resulted from imperfections in 
the booster wave. The equations obtained for the smear camera record 
shown in Fig. 3 were the following! 

Initial Shock X = 0.1198 + 3,5334t + 0.2452t2 

(0.0263) (0,0406)  (0,0134) 

High-order Detonation  X = - 9,152 + 7,521t + 0,0457t2 

(0,169) (0.0665) (0.0062) 

where the standard deviation of each parameter is shown in parenthe- 
ses. The units of X, the space coordinate taken perpendicular to the 
wave front, are mm, and the units of t, the time coordinate, are |isec. 
The constant terms have no significance, but both equations have the 
same origin. For the initial shock equation, the coefficient of the 
linear term is the initial velocity, and the coefficient of the quad- 
ratic term is the acceleraLion. The high-order detonation begins at 
about 2.8 (isec, and the velocity at that time is, from the equation, 
7780 m/sec.    The high-order, steady-state, plane detonation wave ve- 
locity for this explosive is 8000 ± 20 m/sec.    The difference is not 
significant, as it may be due to small imperfections in the wave. 

The significant value of the quadratic term in the polynomials 
for the initial shock indicates a steady acceleration of the shock 
wave. No significant indication of overshoot was obtained by fitting 
higher-order polynomials to the high-order detonation region. Analyt- 
ical fits to the data in the region of maximum curvature do not reveal 
any departures from a smooth acceleration of the shock prior to the 
onset of high-order detonation. It should be noted that all results 
obtained with this technique assume that the shock wave comes through 
the attenuator simultaneously over the region covered by the wedge to 
be studied, and that the pressure profile is identical at each point 
over the same area. Tests of the booster systems used justify these 
assumptions. 

A very large number of experiments of this type have been done 
using the cyclotol mentioned, both pressed and cast, pressed TMT of 
various grain sizes and densities, plastic-bonded HMX, and plastic- 
bonded RDX. All of these experiments have shown the same qualitative 
behavior, and with good explosive the quantitative results are repro- 
ducible. 

Type II Experiment» Wedge Technique with Framing Camera Records 

Framing camera photographs often give qualitative information in 
a more rapidly assimilated form than do smear camera photographs. 
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The accuracy of measurements from framing camera pictures is usually 
not very good, but the photograph can be easily understood. Figure 5 
shows a series of frames of a wedge of the same type as described in 
Experiment I» The wedge is immersed in a saturated aqueous solution 
of zinc chloride {.r=  1.9 g/cc), which is a fairly good impedance 
match to the explosive (65/35 RDX/TNT) of the wedge. The shock pres- 
sure in the solution supports the wedge at the sides and along the 
slant face so that the wedge holds together throughout the entire in- 
terval covered by the framing sequence. 

In the first 5 frames the shock can be seen moving up the slant 
face of the wedge and reducing the reflectivity of the explosive sur- 
face, which is brilliantly illuminated by an argon-flash light source. 
Then in Frame 6 the detonation wave begins as revealed by a change in 
reflectivity of the wedge surface. The detonation wave runs to the 
top of the wedge and the strong shock in the zinc-chloride solution 
emerges into the atmosphere producing a bright air shock which moves 
downward, obscuring the subject. The demarcation betv/een the region 
traversed by the initial, weak shock wave and the region of complete 
detonation remains stationary and sharply defined to the end of the 
framing sequence; no retonation is observed. 

Fig. 5.  (On following page.) Framing camera sequence show- 
ing the transition between the initial shock wave 
and the high-order detonation wave in a cyclotol 
wedge immersed in a saturated aqueous solution of 
zinc chloride. Time between frames: 0,5 psec. 
Time increases from left to right and from top to 
bottom. In the setup photograph, A is the light 
source, B is the subject wedge, C is the opening 
through which the camera views the subject reflect- 
ed in the mirror D.  Shot C-1437. 

Type III Experiment: Resistivity Technique 

The purpose of this type of experiment was to study the resistiv- 
ity of shocked, inhomogeneous solid explosive during the initiation 
process. It seemed reasonable to assume that chemical reaction in the 
explosive would be accompanied by a decrease in the resistivity. For 
electrical field strengths up to a few thousand volts per centimeter 
cyclotol exhibits a resistivity like that of a good plastic, i. e., 
of the order of 10^ ohm-cm. On the other hand the resistivity of a 
detonation wave is quite low, of the order of 10~1 ohm-cm,  (See, for 
example, Refs. 9, 10.) 

Figure 6 shows an experimental arrangement used to study the 
changes in resistivity of shocked solid explosive. The electrodes 
used were made of silver foil 0.0005 in. thick and l/l6 in, wide. 
These electrodes were inserted between 4-in. cubes of explosive which 
had been lapped flat; the blocks were then clamped together under a 
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Figure 5 
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pressure of approximately 60 psi in an effort to eliminate any air gap 
from the joint. The experiment was arranged with the long axis of the 
foils perpendicular to the shock wave. 

Fig. 6. Electrode placement for resistivity experiments. 
The center electrode in each of the three groups 
is connected to ground. The two fiducial signal 
electrodes are not shown.  Shot B-4696. 

Usually ten signals were takc.i from a single shot. The first 
signal was produced by the first motion of the brass driving plate and 
denoted the entry of the shock into the explosive under study. This 
signal was sent to all recording channels as an initial fiducial. The 
next four signals were taken from the region traversed by the initial 
shock wave, and a second four were taken in the region traversed by 
the detonation wave. One signal from each of these groups was sent to 
each of the four recording channels. The tenth signal, taken from the 
top of one of the blocks of explosive, which were 4 in. thick, was 
again distributed to all four channels as a final fiducial. 

The signal circuits used with the electrodes are shown in Fig. 7. 
Selected batteries were used as low-impedance sources of current in 
the circuits intended to sense the resistivity behind the initial 
shock wave. Figure 8c shows the signal in a battery circuit when the 
electrodes were connected by a shock-driven brass plate. Comparison 
of this signal with the other two of Fig. 8 shows that the rise times 
of these two signals are not limited by circuit parameters but were 
controlled by conditions behind the shock wave. 

The records from these resistivity experiments (see Ref. 11 for 
a description of the recording equipment) showed first of all that the 
explosive imnediately behind the initial shock wave was quite conduct- 
ing, but not so conducting as that behind a detonation wave. They 
also showed that the onset of conductivity occurred immediately behind 
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2   4   •   ■ 
TO RECORDING CHANNELS 

Fig. 7. Circuit used in resistivity experiments. Circuit 
components: resistors, 1 megohm; capacitors, 500 
\i\iF;  diodes, IN140; batteries 45 V, Eveready Type 
W365F; coaxial cables, 33 ohm. Electrodes are 
numbered as listed in Table I, 

Fig» 8, Chronograph records from resistivity experiments. 
Time between marks, 0.50 psec. Time proceeds from 
left to right and from top to bottom,  (a) Signal 
E2 of Table I, (b) Signal E5 of Table I. (c) Sig- 
nal from battery circuit of Fig. 7 when signal elec- 
trode is grounded by shock-driven brass plate. 
Shots D-4695, B-4703, 
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the shock front. The space-time data of a single shot are displayed 
in Table I, A straight line was fitted to the first five points by 
the method of least squares, and a second straight line was fitted to 
the second five points. By referring to the results of Type I experi- 
ments it can be seen that the velocities obtained as the slopes of the 
least-squares curves, listed in table I, are not inconsistent with ve- 
locities for the initial shock wave and for the detonation wave from 
previous work. The agreement is as good as can be expected, since 
with the few points available the quadratic terms cannot be resolved. 

TABLE I 

Shot No.  B-4695.    Explosive:    65/35 RDX/TNT,  /**> = 1.71 g/cc. 

Electrode 
Number (mm) 

t(a) 
(jisec) 

At(b) 
(lisec) 

1 /elocity(c) 
(mm/jisec) 

Distance to 
Transition(c) 

(mm) 

El 0 0 - .038 

E2 1.95 (0.73-) (+ .253) (d) 

E3 2.95 0.781 + .077 

E4 5.56 1.266 - .027 

E5 6.57 1.510 - .011 4.43 7.96 

E6 12.76 2.437 - .006 

E7 24.91 3.998 + .018 

E8 32.88 4.999 + .010 

E9 50.37 7.173 - .029 

E10 101.60 13.693 + .008 7.90 

(a)    x is the distance from 
end of the electrode, 
wave into the explosive 

(b) 

(c) 

(d) 

At = t obs - t calc* 

the attenuator-explosive interface to the 
t is the time interval from entry of the 
to contact of the wave with the electrode, 

-calc ^s obtained from the least-squares fits 
to the data. 
Calculated from least-squares fits to data. Transition point is 
taken as the intersection oi 
This error seems to be 
and the resultant diffic 
signal.  See Fig. 8a. 

the two curves, 
due to the very slow rise of the signal 
Lculty in locating the beginning of the 
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In Fig. 8a is shown the signal from electrode E2 of Table I, 
while Fig. 8b is the record from electrode E5. Although it would be 
difficult, if not impossible, to measure from such records the resis- 
tivity of any volume element behind the initial shock wave, the re- 
cords do show that the resistivity behind the wave decreases as the 
point of transition to high-order detonation is approached.  It is in- 
structive to plot the rise-time of the signals against the distances 
of the corresponding electrodes from the transition point, the rise- 
time being defined as the time to 50$ of maximum deflection. A curve 
drawn through these points tends to zero rise-time in the neighbor- 
hood of the velocity transition.  At 50^1 deflection point the battery 
voltage was equally divided between the impedance of the coaxial cable 
(33 ohms) and the sum of the impedances of the battery and the gap be- 
tween the electrodes.  The battery impedance was about 4.5 ohms, and 
the impedance of the gap between the electrodes "Vas therefore 28.5 
ohms.  If the region of low resistivity extends for a considerable dis- 
tance behind the shock, the resistance between a pair of electrodes 
will decrease as the shock moves along them.  The plot shows that the 
resistance decreases more rapidly as the shock progresses, which means 
that the resistivity of the explosive immediately behind the shock 
front becomes smaller as the shock approaches transition to detonation. 
Six experiments of this type using the same lot of explosive show ex- 
cellent agreement of velocities, transition distance, and even con- 
ductivity at each level. 

Type IV Experiment:  Doubly-Shocked Explosive 

The results reported thus far raised the question as to whether 
the explosive traversed by the initial shock wave ever reacted com- 
pletely. For example, the framing-camera sequence presented in the 
discussion of the Type II experiments showed the boundary, correspond- 
ing to the transition to high-order detonation, to remain sharply de- 
fined throughout the period of observation; this implies that the ex- 
plosive traversed by the initial shock wave had not detonated and that 
the initial shock wave was converted into a detonation wave without 
the contribution of a large fraction of the chemical energy available 
in the initial layer. 

The state of this initially-shocked layer, the imminence of com- 
plete reaction, and the susceptibility of this layer to initiation by 
a second shock was investigated by the experimental arrangement shown 
in Fig. 9- A layer of Styrofoam of density 10.5 lbs/cu ft was used as 
the shock attenuator immediately adjacent to the explosive under study 
(HMX/plastic-94/6). The first reverberation in the foam supplied a 
second shock to the explosive. The wedge was immersed in an impedance 
matching solution of ZnC^, so that no rarefaction was reflected into 
the wedge. 

Figure 10 shows the smear-camera record of such a shot.  The 
values of the initial shock velocity, Ug, and the high-order deto- 
r-tion velocity, D, were found to be 3-93 mm/yisec and 9-20 mm/psec, 
1.opectively.  From Type I experiments on the plastic-bonded HMX the 
particle velocity, U , was interpolated to be 0.55 mm/usec.  Using 
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these data, the base angle, 6, of the explosive wedge after passage of 
the initial shock wave was calculated from the relationship 

tan 9  = tan 20° (Us-Up)/Us 

where the initial wedge angle was 20 . Using this value of 9 and the 
camera record of the second shock, the velocity of the latter was cal- 
culated to be 5.62 mm/ysec. 

LIGHT 
SOURCE  * 

^T0 
,'    CAMERA 

w   ^ 
r^-^" 

-AQUEOUS 
ZnCl2 

-ALUMINIZED 
MYLAR FILM 

5/8 IN.    FOAM 
I IN.   DURAL 
I  IN.  BRASS 

6   IN. 
CYCL0TOL 

6 5/3S 

12 IN. DIAM 
PLANE WAVE 

LENS 

Fig.   9-     Charge  arrangement   for doubly-shocking plastic bond- 
ed HKX.    Shot D-6&51. 

Fig.   10. Smear  camera  record of doubly-shocked wedge of 
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plastic-bonded HMX. First and second shocks are 
labeled 1, 2, respectively. The first shock 
starts at the bottom and moves up and to the 
right at almost constant slope, until detonation 
begins and the slope becomes greater. The curva- 
ture at the upper right in the detonation line 
is an edge effect. The second shock starts at 
the bottom about l.k  yisec later and moves at 
higher velocity.  The space scale applies to the 
slant face.  Shot D-5861. 

The second shock wave corresponds to an important increase in 
pressure over the 39 kbar of the first shock, although sufficient data 
are lacking for an accurate calculation of this increase. The Ray- 
leigh line intersects the initial Hugoniot at 100 kbar, however, so 
the pressure is near 100 kbar.  That it is not a detonation wave is 
evident from the wave's low velocity relative to that of the deto- 
nation wave observed in the upper part of the wedge.  This result 
suggests both that complete reaction was not imminent in the initial- 
ly-shocked layer of explosive and that the initial shock has in fact 
desensitized this layer. 

Type V Experiment:  Nitromethane-Carborundum Mixtures 

Following the hypothesis that the difference in the initiation 
behavior of physically homogeneous and inhomogeneous explosives is in 
fact due to the inhomogeneities, an experiment was designed to convert 
nitromethane, which had been extensively studied in the homogeneous 
state^ ^, into an inhomogeneous explosive by the addition of Carborun- 
dum grit,  The charge was arranged as shown in Fig. 2, except that the 
booster-attenuator system was 12 in. in diameter.  It consisted of a 
plane-wave lens, 2 in. of baratol, 3/^ in. of brass, 3/k  in. of 
Lucite, and 3A in. of brass. 

The charge of nitromethane and Carborundum is shown in Fig. 11, 
A wedge-shaped container made of Homolite plastic was used to hold the 
explosive mixture in contact with the brass attenuator plate.  The 
Carborundum was #150 grit settled to a density of 1.90 g/cc with a re- 
producibility better than 0.003 g/cc.  Nitromethane was introduced at 
the bottom of the wedge by means of a hypodermic needle as shown in 
Fig. 11.  The addition of the nitromethane was carried out slowly to 
displace the air in the interstices and brought the final charge den- 
sity to 2.32 g/cc. Finally, a narrow strip of aluminized Mylar was 
stretched along the slant face of the wedge to act as a mirror as re- 
quired in the Type I experiments. 

The firing record obtained from the Carborundum-nitromethane mix- 
ture is shown in Fig. 12.  It can be seen that the velocity tran- 
sition is characteristic of inhomogeneous explosives, i. e., it is a 
smooth, gradual process.  The velocity of the initial shock wave was 
2.4? inm/yisec and the pressure was 23 kbar. These values are to be 
compared with ^.5 mm/ysec and 85 kbar for the initiating shock in 
pure nitromethane.  The detonation velocity in the mixture was k.kk 
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Additional Experimental Results 

In the course of the work on initiation, many data have been col- 
lected in addition to those already mentioned. In order to design an 
experiment to study initiation, it is necessary first to know what 
pressure is needed to initiate the explosive in a time convenient for 
the equipment available.  Also, it is possible to get meaningful data 
only if the results can be reproduced. Reproducibility requires re- 
producible behavior of both the experimental piece and the booster 
system. Since the initiation behavior of a charge depends upon the na- 
ture and extent of the innomogeneities present in it, it is these 
which must be evaluated in order to characterize and obtain the qual- 
ity necessary in a charge to allow one to obtain valid results in ini- 
tiation experiments.  Type 1 experiments were used to explore these 
problems.  Some of the results illustrate general behavior, and will 
be presented for that reason. 

Wedges of the cyclotol described in the section Type I experi- 
ments were initiated with different boosters to determine where high- 
order detonation begins for different initial shock pressures. The 
pressures were obtained from the free-surface velocity of the attenuat- 
or plate used in the usual impedance match calculation with the ini- 
tial shock velocity in the explosive.  The data are plotted in Fig. 13. 

e 20 
E 

K 

O 

o 

< 

»SOLID 

LIQUID 

20   40   60   80   100 
PRESSURE  Itbor 

Fig. 13.  Plot of distance of run of the shock wave before 
high-order detonation begins versus Initial shock 
pressure. The solid explosive is cyclotol, and 
the liquid is nitromethane. 

The errors result in large part from uncertainty about which point on 
the accelerating curve one should pick. The contrast between the be- 
havior of liquid^1' and solid explosives is illustrated in Fig. 13 by 
including the similar curve for nitromethane. The distance in this 
case is the position of the shock wave when detonation begins at the 
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back surface. The great difference in the slope of the two curves is 
evidence that while in liquids the shock must heat all the explosive 
to a high uniform temperature, resulting in a very strong dependence 
of the induction time on the temperature or shock pressure, in solid 
inhomogeneous explosive the important heating is at the defects in the 
structure where the temperature depends more strongly upon the nature 
of the defect than upon the shock pressure.  It is easy to show that 
the average temperature in the shocked solid is too low at any of the 
pressures used to make the reaction proceed at a sufficient rate for 
detonation to occur in a few microseconds. 

In Fig. 1^ are plotted the results of some initiation experiments 
on TNT charges pressed from coarse- and fine-grained material. The 
coarse-grainted TNT had a median particle size in the range 200-250 )j, 
while the fine-grained material, which was prepared by grinding the 
coarse, fell largely in the range 20-50 y.    One booster design was 
used for all of the shots, and the measured values of the pressure 
were 60 kbar ± 5^. 

1.46 1.50 1.55 1.60 1.65 
DENSITY    6/CM- 

Fig. 1^. Effects of initial density and particle size on 
■' " the sensitivity of pressed TNT charges.  Ordi- 

nates are times of run of initial shock waves 
as shown in Fig. U. 

From the plots of the data it can be seen that the charges made 
from fine-grained TNT were more sensitive than those made from coarse 
material.  This agrees with general experience.  Another important 
feature is the rapid decrease in sensitivity of both types of charges 
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as the density approaches crystal density {1.65k  g/cc). 
Figure 15 shows the results of initiation experiments on charges 

pressed from two lots of plastic-bonded HMX. The lots differed slight- 
ly in particle-size distribution.  Again it can be seen that, as the 
limiting density is approached, the sensitivity decreases rapidly. 

From these two sets of experiments it appears that at interme- 
diate densities the particle size is more important than is the den- 
sity in affecting the sensitivity, whereas at densities approaching 
the limiting value, the density becomes the more important factor. 
Furthermore, it seems reasonable to suppose that the initiation be- 
havior gradually changes from that of an inhomogeneous explosive to 
that of a homogeneous one. 

1.60  1.69 1.70  1.75 1.80  I.8S 
DENSITY 6/CM* 

Fig. 15. Effect of density on the sensitivities of two 
lots of plastic-bonded HMX.  Ordinates are 
times of run of initial shock waves as shown 
in Fig. 1+. 
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DISCUSSION 07  RESULTS 

In most of the experiments described in this paper our goal has 
been to put a smooth, plane shock wave with a sharply rising front and 
constant amplitude into the explosive charge to be studied and to ob- 
serve the initiation behavior before the intrusion of edge effects or 
of reverberations in the shock attenuator. While edge effects were 
eliminated, the pressure profile was not fiat-topped. To achieve the 
latter condition to good approximation would have required either very 
large charges, or that a good technique for throwing big metal plates 
be developad. Nevertheless, the shock waves were of sufficient quali- 
ty to permit the drawing of a number of conclusions from the experi- 
mental results. 

It is of interest first to contrast the initiation behavior of 
homogeneous and inhomogeneous explosives using Reference 1 as the 
source of information for the former. The contrasts are as follows: 

(a) The initial shock wave in a homogeneous explosive shows a 
constant or slightly decaying velocity as a function of time; the cor- 
responding wave in inhomogeneous explosive accelerates throughout its 
travel. 

(b) The transition to high-order detonation is very abrupt in 
homogeneous explosive; the transition in inhomogeneous explosive is 
less so. 

(c) The onset of high-order detonation in homogeneous explosive 
is accompanied by an overshoot in the velocity, amounting to about 10^ 
in the case of nitromethane; no demonstrable overshoot has been re- 
corded for inhomogeneous explosive in our experiments, 

(d) Detonation is observed to originate at the shock attenuator- 
explosive interface in homogeneous explosive; at present it is be- 
lieved probable that detonation occurs at or near the shock front in 
inhomogeneous explosives. It may be possible to clarify this point in 
the future by conductivity measurements. 

(e) The experiments with nitromeluane-Carborundum mixtures have 
shown that the mixtures are much more sensitive than the homogeneous 
liquid nitromethane. The inhomogeneities in the mixture cause shock 
interactions with resultant local heating.  For initiation, the de- 
tailed structure of the shock properties of the explosive is more im- 
portant than are the values of the thermochemical constants, 

(f) The material behind the initial shock wave in homogeneous 
explosive is relatively non-conducting for electricity until the onset 
of detonation; in inhomogeneous explosive the material behind the ini- 
tial shock front is quite conducting and becomes even more so as the 
transition to high-order detonation is approached. 

(g) The initiation process in homogeneous explosive is much more 
sensitive to variation of the initial temperature or to variation of 
the shock pressure than it is in inhomogeneous explosive. 

It is logical to attribute the differences between the initiation 
behavior of inhomogeneous and homogeneous explosives to the voids and 
other defects in the former. Work with nitromethane in Reference 1 
and the results with nitromethane-Carborundum mixtures reported here 
show that convergences in the mass flow and impedance mismatches can 
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cause local reaction which influences importantly the initiation pro- 
cess.  It is easy to show with a smear camera record that the detona- 
tion front in a pressed or cast explosive is quite rough, from which 
one can deduce that the mass flow is quite irregular in fine detail. 

On the other hand gas bubbles and voids are perhaps the most com- 
monly occurring defects in cast and pressed explosives.  If we may 
assume that the number of voids between grains of explosive is propor- 
tional to the number of grains, then the coarse-grained TNT discussed 
above should have fewer, but larger, voids than the fine-grained TNT 
at the same density. Experimental results show that the latter explo- 
sive is more sensitive, and therefore, it may be concluded that a vol- 
ume of fine voids is more efficient in producing chemical reaction 
than the same volume of coarse voids. This suggests the importance of 
a surface reaction. 

The effect of increasing the number of voids and other sources of 
hot spots is to render a given explosive more sensitive. It is well 
known that an explosive becomes easier to initiate as the density is 
decreased. This effect of hot spots is supported here by the results 
obtained for nitromethane-Carborundum mixtures and by the data plotted 
in Figs. 14 and 15. When an explosive exists in an inhomogeneous 
state, the shock strength necessary to cause initiation need not be 
great enough to raise the entire mass to a sufficient temperature for 
a rapid reaction (thermal explosion) to occur, but need only activate 
a sufficient number of hot spots. This effect of hot spots also ac- 
counts for the small dependence of the sensitivity of inhomogeneous 
explosives on the initial temperature. 

The amount of energy obtainable from a single hot spot must de- 
pend, among other things, upon the shock strength. Following the 
model of Rideal and Robertsond2)-the higher the temperature around a 
hot spot, the longer the hot spot will continue to react and the more 
energy it will produce before being deactivated by loss of heat to the 
surroundings. An increase in shock strength will increase the temper- 
ature of the homogeneous explosive about a hot spot as well as, per- 
haps, increasing the dimensions and temperature of the hot spot it- 
self. 

The behavior of the undetonated layer of explosive in the Type IV 
experiments becomes understandable on the basis of hot-spot action. 
The primary sources of hot spots in the plastic-bonded HMX pressings 
are the impedance mismatch between the HMX and the plastic, and the 
small bubbles present. Passage of the first shock wave creates hot 
spots and causes some chemical reaction to take place. After the hot 
spots have been deactivated by loss of heat to their surroundings, the 
explosive is left in a more homogeneous state than before. The bub- 
bles will have been collapsed and the impedance mismatches reduced by 
the greater compression of the less dense component. The explosive 
will then be much less sensitive to a second shock. 

In view of the above considerations, the following picture of the 
initiation process has evolved. A shock entirely too weak to initiate 
a homogeneous explosive can activate hot spots and cause detonation 
when the explosive is sufficiently inhomogeneous. In an explosive 
pressed to near crystal density the hot spots due to bubbles are 
quite small and are deactivated quickly after passage of the shock. 
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The energy contribution to the shock wave by a particular hot spot is 
completed soon after ehe passage of the wave front. Detonation occurs 
at or near the front of the wave; explosive located before the tran- 
sition does not detonate and is relatively insensitive to subsequent 
shocks. Because the detonation takes place near or at the front of 
the wave, there is little or no overshoot in the detonation velocity. 
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Abstract 

A study of the basic physical parameters for sympathetic 
initiation of high explosive receptor charges by the pressure pulse 
from a donor charge transmitted through barriers of air, steel, 
aluminum, lead, and copper has been conducted. A surface phenomenon, 
which has been shown to be a front of mechanical discontinuity 
supported by a chemically reacting core, has been observed to prop- 
agate at a constant, supersonic velocity.  The core reaction is 
initiated provided the intensity of the incident pressure pulse is 
less than the detonation pressure of the explosive but above a thres- 
hold value which depends on the chemical composition and physical 
condition.  The initial core reaction is a "low-order" chemical 
decomposition which produces a pressure considerably less than that 
associated with high-order detonation, and propagates at a super- 
sonic rate, but much slower than a higher-order detonation.  This 
reaction is confined to the central core of the explosive and its rate 
of propagation is determined by the intensity of the incident wave. 
The distances and times required for the reaction to change abruptly 
to high order detonation are uniquely determined, for a given explo- 
sive, by the Intensity of the incident pressure wave.  High order 
detonation is first observed at the surface of the charge coincident 
to the front of the mechanical discontinuity.  However, the shape of 
that front, on emergence, indicates that initiation originated in the 
reacting core. 

Invariably, for a considerable time after the beginning of 
the high-order reaction in the receptor charge, it propagates at a 
rate slightly greater than normal detonation rate. 

While details of behavior vary with composition and geometry 
of the explosive, the qualitative features appear to be generally 
valid. 
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Introduction 

Studies have been made of the fundamental physical processes 
involved in the detonation reaction of solid explosives .  These 
studies have led to an analysis of the parameters that control the 
sympathetic detonation of a receptor charge subjected to strong 
shocks transmitted through barriers of various materials.  It Is 
felt that these studies might lead to a fuller understanding of the 
detonation process and could also Indicate a criterion of sensitivity 
based on physical quantities directly related zo  the explosive 
charges.  Continuation of the research project reported formally first 
in a Ballistic Research Laboratories Report(l) In 1955 and subse- 
quently in later reports(^j5) indicate the direction of this continued 
research with finer time and space resolution, employing new techniques 
for the investigation of the regime of transition from initiation to 
high-order detonation.  Much of the earlier data were Inferred from 
the observation of the surface conditions of receptor charges.  The 
work covered by this report deals with the direct observations of the 
core reaction in the receptor.  These new observations eliminate the 
errors and uncertainties Introduced by the earlier Inferences. 

Experimental Proceedore 

Except for some preliminary experiments with Internally cast 
resistance wires(M all of the data were obtained from photographic 
records!5). Self-luminosity and auxiliary front lighting were used 
with streak-cameras, Kerr-cell single exposure shutters and multi- 
frame, high repetition rate, framing cameras. 

The charges were arranged as shown in Figure 1 and, except 
where noted, were cast 50/50 pentollte sticks of 3/^ inch square 
cross-section, 5 inches long.  Barriers of air, steel, dural, copper, 
lead and plastic have been tested.  However, most of the data pre- 
sented in this report represent a variety of barrier thicknesses of 
air, lead and dural. 

Data for Initiation by pellet Impact were obtained with steel 
discs, driven intact, at velocities ranging from 500 to 1500 meters 
per second by metal-padded explosive sticks, 

Discussion-Specific Results 

As a result of the methods for the determination of initial 
conditions in the receptor charges, the quantitative data obtained 
in these tests fall Into three general catagories, i.e. air-gap, 
metal barrier and pellet impact.  However, the conditions leading 
to high order detonation can be described by a single physical model. 

1.  Initiation by Shock Through Air Gaps 

The earliest investigations of shock initiation were 
conernea primarily with air barriers, and the time "t" and distance "d" 
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Fig. 1 - Basic  experimental arrangement 
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shown in Figure 2A, which is a typical streak-camera record, were 
the first observations made of the delay to detonation.  More recent, 
front lighted records (Figure 2B) have shown that this time "t" 
consisted of at least two individual delays, i.e., the delay to 
Ignition and the delay to high order detonation after ignition 
established a core reaction in the receptor stick.  The direct mea- 
surements of the supersonic surface velocity(3) as a function of 
the width of the air gap in comparison with the velocities computed 
from the "t-d" data are shown in Figure 5- 

For detonation induced by the air shock it is necessary 
to separate the contributions of peak pressure, impulse and possibly 
heat, to the reaction in the receptor.  The pressure in the air shock 
at the face of the receptor is directly obtained from the Hugoniot 
relations for air, which are well known for the velocities involved. 
The pressure so obtained, cannot be used directly to obtain the 
pressure in the receptor, however.  Theory and experiment both show 
that the peak pressure occurs when the high density detonation products, 
which are following closely bebind and driving the air shock, impact 
the face of the receptor charge. A single rough measurement made 
at these Laboratories, (by Mr. Boyd Taylor) of the pressure developed 
In a Plexiglas receptor separated by a 1 inch air gap from a 
standard pentollte donor yielded an estimate of 300,000 PSI. At this 
gap distance, the pressure in the incident air shock is about 8,500 PSI 
and, allowing for a maximum theoretical eight-fold magnification 
in the reflected shock from a perfectly rigid wall, the pressure at 
the receptor face could be expected not to exceed 68,000 PSI as a 
result of the shock impact.  The quantitative data presented relate 
the surface velocity and the delay to detonation in the receptor to 
the pressure in the Incident wave. Recomputing to include the 
results of the single test with the Plexiglas receptor will increase 
the magnitude of this pressure, and will throw the air gap data 
into agreement with the metal barrier data. 

2.  Initiation by Shock Through Metal Barriers 

fhe delay time and distance to detonation in receptor 
charges have been studied as functions of both the barrier thickness 
and barrier material with lead., dural, copper, and steel.  However, 
sufficient data for quantitative as well as qualitative analysis 
have only been obtained with the lead and dural barriers. 

Direct measurements of the pressure induced In the 
receptor charges could not be made with existing instrumentation 
and techniques. However, once the pressure in the barrier at the 
barrier-receptor interface is known, this information can be used 
with the extended high pressure Hugoniot curve published by Los 
Alamos(°).  By use of the pin technique. Dr. Floyd Allison at 
Carnegie Institute of Technology supplied the free surface velocities 
of barrier materials driven by contact donor charges.  Using the 
relationship:    _     ,, ,, r = p U  U 

o  s  p 
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(a) 

Fig. 2 - (a) Streak camera record of sympathetic 
detonation by air shock showing the distance and 
delay time to detonation; (b) front lighted record 
of synipathetic detonation by air shock showing the 
surface  shock propagating along the receptor. 
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where:  P is pressure (dynes/cm2) 
p is barrier density (gms/cnP) 
U0 is shock velocity in the harrier (cm/sec) 
US is the barrier particle velocity (cm/sec), 
and is approximately l/2 the free surface velocity, 

the pressure transmitted to the receptor charge is computed.  The 
relationship of the delay to detonation for lead and dural is shown 
as a function of these computed pressures, in Figure k. 

To date, the pressure profile and consequently the impulse 
delivered to the receptor charge have not been measured.  With new 
pressure transducer techniques, a program to determine values for 
this parameter is being initiated.  Hjwever, the contribution of total 
impulse appears negligible in the comparison, shown in Figure h, 
of data for two materials of widely different density and physical 
characteristics. 

3.  Initiation by Pellet Impact 

Aluminum pads of various thickness were used on the ends 
of large explosive cylinders separating the charge and disc to be 
propelled.  Tests were conducted with steel discs 1.5 inches in 
diameter and 0.125 inches thick weighing 28.32 grams with velocity 
of impact at the receptor ranging from 0.50 to 1.52 rm/yxsec.     tarlier 
evidence that peak pressure, not total energy delivered to the receptor, 
controlled the delays and velocities in the receptor led to the treat- 
ment- of the plate as a free surface.  Computations identical to those 
for metal barriers were made and the plot shown in Figure 5 indicates 
the close agreement of these data to those for metal barriers. 

It appears most likely that the excessive scatter in 
the impact data resulted from oblique collision of the plate with 
the end of the receptor.  Additional testing of the effects of 
oblique impact is being conducted to amplify this possibility. 

Discussion-General Results 

An examination of the photographic exposures made in tests 
conducted with the air and metal barriers and impacting pellets 
made it immediately obvious that the initiation, the pre-detonation, 
and the "break-out" of high order detonation have the same physical 
characteristics for all these methods of transfer of energy to the 
receptor charge. Four conditions have been found to exist in the 
impacted receptors: 

1. Detonation occurs with no measurable delay at the 
impacted face of the receptor. 
2. A measurable supersonic surface shock of mechanical 
discontinuity proceeds at constant velocity in the 
receptor, and eventually high order detonation breaks 
out in this front. 
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5. A measurable supersonic surface shock of mechanical 
discontinuity proceeds at constant velocity for the 
entire length of the stick and high order detonation is 
not observed. 

k.    A measurable supersonic surface shock of mechanical 
discontinuity is observed to gradually decay and be no 
longer observable as it approaches sonic velocity. 
High-order detonation does not occur. 

The first of these conditions was not covered in this study, 
and the results which follow are only related to 2, 3 and k  above. 

The observation of a supersonic shock along the surface of 
the charge, proceeding at constant velocity, requires that energy be 
fed into that shock.  This indicates that a chemical reaction has 
been initiated in the receptor.  The lack of observation of this 
reaction at the surface does not preclude its existence.  With receptors 
cut to lengths equal to, shorter than and longer than that distance 
at which high order detonation would be expected to occur for a 
given barrier condition, the results shown in Figure 6, which is a 
composite of a series of streak-camera records, were obtained for the 
core reaction.  The profile of this reacting core can be observed 
to be changing shape in these records. Figure 7 is a plot of the 
velocity of the reaction (measured in the direction of the axis of 
the charge) at the center of the charge and at various radial distances 
from the center, as indicated. The shape of the reacting core at 
any given time is directly related to the difference in velocity, 
which is highest at the axis of the charge and decreases with radial 
distance.  The non-reactive surface shock is joined by a continuous 
extension of the shock profile of the reactive core, and has the 
lowest velocity observed during the pre-high-order detonation regime. 

The velocity of the surface shock has been found to be 
constant in each record.  However, the magnitude of this velocity 
is a function of the barrier conditions.  The core velocity along 
the axis has been measured and also shown to be constant from the 
photographic record of charges of different lengths, and measured 
as constant in a given charge by the resistance wire method mentioned 
earlierV'4).  The magnitude of the axial velocity is also dependent 
on the barrier conditions. 

The surface observation obtained for dural and lead barriers is 
plotted vs the transmitted pressure in the receptor charge (Figure k), 
and it is indicated in this diagram that delay time and distance 
are directly dependent on pressure alone, and independent of impulse. 
A similar graph. Figure 5, is shown for air barriers but, as 
described under Discussion" the pressure shown is that of the 
incident air shock.  Figure 5 shows the similarity of data for 
pellet impact to those for netal barriers. 
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Fig. 6 - Series of streak camera records showing the 
core reaction emerging from the ends of short recep- 
tors  (x = length of receptor) 
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In over three hundred tests conducted, the velocity of 
the high-order detonation that is induced in the receptor has been 
invariably about 1 l/2^ higher than the velocity of detonation in 
the donor sticks.  In two of these receptor sticks the detonation 
velocity has dropped abruptly to its normal value. A valid physical 
explanation for this observation cannot be made on the basis of 
inrormation obtained in these firings. 

Conclusions 

It follows from the results obtained with the air gaps, metal 
barriers and pellet impact studies of sympathetic initiation that a 
single physical model can be established for all of these conditions. 

Although the nature of the initiation of the reaction is not 
known, there is no evidence to contradict the hot spot theory of 
Yoffe And BowdenCi^. Allowing that the reaction does start by 
adiabatic compression of trapped gases, mechanical heating, or a 
combination of both, the volume of this reaction and, as a consequence, 
its pressure and propagation velocity, are functions of the pressure 
of the initial shock transmitted to the receptor.  As this reaction 
propagates internally, as seen in the results presented here, the 
rarefaction wave from the boundary is sufficiently strong to prevent 
surface detonation. However, the pressure of this internal shock is 
sufficiently great to manifest mechanical surface changes in the 
üolid explosives, observable by front lighting techniques. If the larefbc- 
tlon loss rate is less than the energy iBlesse rate, the internal pressure 

- builds up to a point at which a discontinuous jump to a high order 
detonation occurs in a manner similar to that proposed by Von Neumaun(ö) 
However, in this case the reaction moves from an n=k Hugonlot, in 
which J."> k"^0, to the n=l Hugonlot when the pressure reaches a value 
jqual to that at the intersection of the n=k Hugonlot and the Chapman- 
Joguet plane.  If the rate of energy release is" such that the pressure 
does not build up at a rate higher than the rate of dissipation in 
the rarefaction, then the reaction either continues at a constant 
rate or at a decreasing rate until it is no longer detectable. 

It is also concluded that the contribution to this reaction 
by the shock from a donor charge passing through a barrier to the 
receptor charge is a function of the initial pressure in the receptor. 
Although the significance of the tot,al energy in the pressure pulse 
is not evident in these experiments it is being investigated further 
to determine its role in the total reaction. 
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GROWTH OF DETONATION FROM AN INITIATING SHOCK 

Julius W. Enlg 
U. S. Naval Ordnance Laboratory 

Silver Spring, Maryland 

ABSTRACT:  Numerical computations have been carried 
out which depict the formation and structure of unsteady 
detonation waves in solid explosives.  Two different 
methods were employed in the calculations.  One takes into 
account the dlssipatlve mechanisms of heat conduction and 
viscosity and the other is an application of Lax's method 
to a chemically reacting fluid.  A simple chemical re- 
action is Introduced which converts solid explosive to 
gaseous products through intermediate states, each of 
which has an appropriate equation of state. 

A piston pushes with constant velocity against one 
surface of a chemically inert slab whose other surface is 
in intimate contact with a semi-infinite solid explosive 
and the growth of the resultant shock is followed.  For 
sufficiently strong shocks, the chemical decomposition is 
initiated and the shock grows into a detonation wave. 
Other sample problems involving shock, detonation, or rare- 
faction waves are given. 

I.  INTRODUCTION 

In this paper we depict the formation and structure 
of unsteady one-dimensional detonation waves in solid ex- 
plosives.  In particular our attention is directed to the 
growth and structure of the reaction zone, the coupling of 
the latter with the shock region, and the critical time 
necessary for growth from initiation to detonation. 
Hirschfelder and Curtlss [!"] have given the first dis- 
cussion of steady-state detonations based on a complete 
set of hydrodynaraic relations. Including coefficients of 
diffusion, thermal conductivity, and viscosity, as well as 
chemical kinetics.  They computed the composition, temper- 
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ature, and pressure as functions of distance In a steady 
state, plane gaseous detonation in which the Irreversible 
unlmolecular reaction [A] -> |B] takes place with the re- 
lease of energy.  Hubbard and Johnson [2] have utilized 
the von Neumann and Rlchtmyer "<^,l method [^] , which was 
originally Introduced In unsteady shock problems, for cal- 
culating unsteady detonation waves In solid explosives. 
This method Involves the Introduction of a psuedo-vlscoslty 
term Into the hydrodynamlc equations and has the effect of 
giving the correct entropy change across the shock front 
and arbitrarily limiting the width of the shock front to 
several mesh size thicknesses.  In the cases that they 
treated it was found that the hydrodynamlc motion and the 
release of chemical energy are practically independent as 
a consequence of the extreme temperature sensitivity of the 
reaction rate.  The calculations showed that for a given 
pressure pulse applied to the boundary of an explosive, 
there exists a well defined delay time before a detonation 
is formed.  Should the pressure pulse be of such finite 
duration|pthat a rarefaction wave reaches the explosive 
particle*before it has been maintained at high temperature 
for the appropriate delay time, then there will be no 
detonation.  In their application to detonation problems 
all of the previously mentioned autnors [l], [2] used the 
same equation of state for Doth the reactants and the 
detonation products.  Ludford, Polacnek, and Seeger [ 4] 
have obtained numerical solutions for unsteady flow con- 
taining shocks, in a perfect gas, in the absence of any 
chemical reaction or heat conduction. 

In this paper we consider unsteady one-dimensional 
detonation waves in solid explosives where for the first 
time the dissipative mechanisms of heat conduction and 
viscosity are taken into account.  While there is consider- 
able doubt that the notions of viscosity and heat con- 
duction can be used to describe the internal mechanism of 
the shock process oecause of the extremely small shock 
width ( ^ \o"5'c/»^ ), they certainly do provide a process 
for changing the entropy across the shock.  If, for example, 
a piston is driven with constant velocity into a fluid, a 
shock is set up which rapidly takes on steady state 
characteristics.  The viscosity and thermal conductivity 
will determine the exact shape of the shock front, but the 
characteristics of the shock a sufficient distance behind 
the front are independent of the transport properties and 
do indeed satisfy the Rankine-Hugonlot relations.  It has 
been known for a long time that in steady state solutions, 
the smaller the viscosity and thermal conductivity, the 
steeper the shock front.  Indeed it is Just these solutions 
which cast doubt on the applicability of these dissipative 
mecnanisms to adequately describe the shock zone for at 
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least strong shocks.  If however deflagration waves are 
considered then the transport properties must play an 
important role in determining the flow [5]. While we will 
in the future discuss deflagration and transition from 
Initiation to deflagration to detonation we restrict our- 
selves now to detonation.  In any case the use of transport 
phenomena should be at least as applicable as the ' 
method to detonation problems. 

M _ M 

Suppose a piston is driven with constant velocity 
against one surface of a slab of chemically inert material 
whose other surface is in Intimate contact with a semi- 
infinite solid explosive. A shock will form and rapidly 
approach steady state values as It moves into the inert. 
This situation Is depicted in Fig. 1. 

EXPLOSIVE pressure INERT 

distance 
Fig. 1 

What will happen when the shock reaches the inert-explo- 
sive Interface? For simplicity assume that the equation 
of state and the physical properties of both materials are 
identical (only the chemical properties are different). 
As the shock passes over the inert and into the explosive 
it heats both to a temperature which can be easily calcu- 
lated from the Rankine-Hugonlot relations and the caloric 
and thermal equations of state.  Now the chemical decompo- 
sition of the explosive is governed by an Arrhenius term 
which is extremely sensitive to temperature; and if the 
latter is sufficiently low such that there exist only 
negligible reaction rates, then the steady shock merely 
propagates into the explosive.  If on the other hand some- 
where in the shock front the temperature is sufficiently 
high so that there do exist appreciable reaction rates, 
then the explosive material at the Interface, which has 
oeen heated the longest, will eventually undergo a very 
rapid exothermic reaction.  The pressure In that region 
will rapidly Increase and drive a shock back into the 
inert and a high pressure zone of chemical reaction will 
move Into the explosive.  This is the process of initia- 
tion to detonation which will be discussed quantitatively 
in Section V. 

536 



En lg 

To what extent do the transport properties, viscosity 
and thermal conductivity, affect the structure of the deto- 
nation wave? Von Neumann [6], Döring [7], and Zeldovltch 
V8J, Independently concluded that a detonation Is a shock 
wave followed by a zone of chemical reaction provided 
transport properties are neglected. They assumed that the 
time for reaction to take place Is long compared to the 
time for passage of the shock.  If this assumption Is true 
It should not make very much difference exactly how the 
shock Is calculated. I.e. whether transport phenomena are 
Included or the "t" method Is used.  In the examples that 
were considered Hirschfelder and GurMss {1}   found that 
there exists a strong coupling between the reaction zone 
and the shock zone when transport properties are Included 
and therefore the solutions never come close to the von 
Neumann "spike".  If the coupling Is strong In the steady 
state detonation, must It have been strong during the 
Initial stages of growth? 

We now briefly describe another method that can be 
used for unsteady detonation calculations.  This consists 
of applying the Lax \9]  scheme to problems Involving un- 
steady .ne-dlmenslonal flow with chemical reaction.  P. Lax 
has described a finite difference scheme for calculation 
of time dependent one-dimensional compressible fluid flows 
containing strong shocks.  The novel feature of this method 
is the use of the conservation form of the hydrodynamic 
equations and, to a lesser extent, the particular way of 
differencing the equations.  Putting the Lagrangean hydro- 
dynamic equations in conservation form for the plane case 
Is equivalent to writing each equation In the form 

where A and F are dependent variables.  The finite 
difference representation is taken as 

A{^+4t)-i[/q(x+^,t) + A(x-Ax)i)l = ^ [F(x+«1t)-FCx-ÄX.t)] . 

With this scheme there are no explicit disslpative mecha- 
nisms such as heat conduction or viscosity, or a "<j." 
term, yet the entropy change across the shock is correctly 
given.  We have Introduced chemical reaction and find that 
the scheme also enables us to solve unsteady detonation 
problems.  One advantage this method has over the 
Rlchtmyer and von Neumann and the viscosity, heat con- 
duction methods is that the computational time is appreci- 
ably less than either. This will be explained in further 
detail In Section IV.  Just as the "<^"  method, the Lax 
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scheme arbitrarily limits the width of the shock front to 
several mesh thicknesses. 

II.  HYDRODYNAMIC EQUATIONS 

A.  Viscosity and Heat-Conduction Scheme 

If we consider the Irreversible first order chemical 
reaction 

(2.1)   1>]—[Grl, 
then the equations of one-dlmenslonal unsteady flow of a 
viscous heat-conducting compressible fluid consisting of 
species [S] and [Gr]   may be written In the Eulerlan form 

(2 2)    -L^y = iü K '  '      v Pt  ax 

ax/ 

(2.5) e - e {J,us) 

(2.6) p = ]F>(^.T, ^ 

where t;X, V, U, jo, e , T , ury yu i X , E* , Z  and R are 
respectively the time, Eulerlan position, specific volume, 
particle velocity, pressure, specific energy, temperature, 
mass fraction of species [SJ , coefficient of viscosity, 
thermal conductivity, activation energy, frequency factor, 
and specific gas constant.  Equations (2.2),(2.3)*(2.4), 
(2.5^(2.6) and (2.7) are respectively the equations for 
the conservation of mass, momentum, and energy, and the 
caloric and thermal equations of state, and the chemical 
kinetic equation which governs the conversion of unreacted 
solid explosive [sj to product gasC<*] .  It will be 
assumed that /* X  Ef . and 2. are constants. 

538 



Enlg 

For one-dlmenslonal problems it Is more convenient to 
use the Lagrangean form of the hydrodynamlc equations since 
they reveal where each particle of fluid came from Initial- 
ly and hence supplies more Information than the Eulerlan 
form. In addition shocks and moving contact discontinui- 
ties can be more easily followed, and mass is automatically 
conserved. 

To transform to Lagrangean coordinates we let x denote 
the X -coordinate of a small fluid element at time -t ■ o 
and X = XCx,i) denote that same fluid element at t > o , so 
that x and t are regarded as Independent variables.  In 
this new coordinate system Eqs. (2.?)-(2.7) are respective- 
ly 

(2.11) e = e(Tur) 

(2.12) f> =^CV. T**1') 
E! 

(2.13) |^ = -Zure'Rir 

where x Is the Lagrangean space coordinate and the 
subscript o will always refer to initial values which in 
this paper will be assumed to be constant.  The value of 
the Eulerlan position X 0«,*)  is found from the relation 

(2.14) |^ = tt 

The equations may be made non-dimensional by the transfor- 
mations 
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where  L    Is  a  characteristic  length.     In non-dlmenslonal 
form  the  new equations  are 

dv      aft 
(2.16) 

(2.17) 

(2.18) 

(2.19) 

(2.20) 

(2.21) 

(2.22) 

(2.2^) 

(2.24) 

B. 

9r 

Lax Scheme 

9U =  9<j _ 2P 
Ox        ö<i       at 

G-"c iT 

E= E(e,ur) 

P=P(:G)9,ur) 

If we  utilize  the  Lax scheme  then the  non-dlmenslonal 
Lagrangean equations  for one-dlmenslonal unsteady  flow of 
a chemically  reacting fluid  are 

9C   _ W 
9r    ~ "^^ 

(2.25). 

(2.26) 

(2.2?) 

(2.28) 

(2.29) 
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(2.30) 

(2.31) 

= -xjuxe e 

where Eq. (2.27) can be obtained from Eqs. (2.17) and (2.18) 
after setting FsO  and (J s O . 

C.   Initial and Boundary Conditions 

The Initial condltlone valid for 0*4*1 are 

(2.32) 
üU.o) *c>, G-a,o)=o, FC4.0) -o, Sfe.o)- ^£(5,0)^ 

where E0   is a constant which depends on the caloric 
equation of state, and the Initial particle velocity Is 
assumed to be zero. 

The boundary conditions valid for t > O 

(203)   Uiot)=Uw   , U(!,cr) = a0> 

(2.5^)   FCO,T) =0 ^ FO,t) «O 

are 

tt. = o 

^cw ■=■ -vur e. 
(2.35) 

6 

for $^0^1 

where L^'and (J are taken to be constants.  The boundary 
conditions, Eqs. (2.33) and (2.34), are prescribed while 
Eq. (2.35) are Implied by Eqs. (2.33) and ^2.34; and the 
differential equations (2.16)-(2.24).  The boundary 
condition U(I,T) = U4" corresponds to a piston. Initially 
at a distance L from the left hand piston, moving with 
constant velocity Uc,> . 
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III.  EQUATIONS OP STATE 

When a detonation wave propagates In a solid explosive 
It converts the solid unreached materialCS] to gaseous 
detonation products [(5 J ,  It Is therefore very necessary 
to describe these two states, and In fact all the Inter- 
mediate states (which exist since the detonation Is assumed 
not to take place Instantaneously), by appropriate equations 
of state.  This can be done In the following very simple 
manner If we assume that the specific energy and volume at 
any point vary linearly with the mass fractions of solid 
explosive and gaseous product. I.e., 

O.l) V=   COrVs    +  0-^)V^ 

(3.2) e = ur e^  + (l-ur)e^ 
^ «fc> ^ 

where ^ i e5  * Vi-     »   and    e&  are  the  specific volume and 
energy for the pure  solid  and gas  respectively.    We now 
choose  for tJhe  caloric  and   thermal  equations  of state of 
the unreacted   explosive £S]   and  gaseous  detonation products 
\6r] the  following: 

(3.3) €s = csT  -I- <ss 

(3.5)       e^c^T^s; 

where cs and C-    are the specific heat capactl;;.es of the 
solid and gas respectively, e*   and e* are  the heats of 
formation, and Jf, , 9« , and B are constants.  The sub- 
script o as usual refers to Initial values.  Eliminating 
^s > c«r > V*   »   and Mi- between the six equations Eqs. 
(3.1)-(3.6), and defining 

(3.7)  E = 

n^ 
B,V. •  '      r.v. 
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leads  to  the non-dlmenslonal  caloric and   thermal equations 
of  state 

(3.8) 

0.9) 

E = (mG + E*)ur  + r\Q 

G = ux te 
P^ + Ci—) ^ > 

where V = V    (since Initially only explosive exists) 

and es - e^       la the specific heat of reaction.  It Is of 
Importance to recognize that Eqs. (3.8) and (3.9) give 
different relationships between energy and temperature, 
and pressure, volume, and temperature for different 
mixtures of the two chemical species [Si  and t^r3  (i.e. 
for different values of ur ). 

The temperature Ö 
(3.8) and (j5.9) giving 

can be eliminated between Eqs. 

(3.10) 
w^uT-^-n    (p-»-(3.)C I-ur) L + u> K P 

The  local  sound  speed   c    can  be  defined   by  the  thermo- 
dynamlc  Identity 

^*    ;      v2      " ae       9V        ft V   sE     W 

We  then find 

(312)       p3f-^  = 

r fJL 

I c V"   / 

^('4) 
if 

ur = i 

ur = O 

(3.13) 4?    r 
d t. 

 i_ 

(^        UT -O 
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which are quantltites that will be needed In Section IV 
when we discuss the stability of the finite difference 
equations„ 

IV.  FINITE DIFFERENCE EQUATIONS 

A,   Viscosity and Heat Conduction Scheme 

In order to carry out the numerical solution of Eqs. 
(2.16)-(2.24), they must be replaced by an equivalent 
system of finite difference equations.  The exact form of 
these equations Is of course governed by stability con- 
siderations and a stability analysis as proposed by von 
Neumann must be carried out In order to verify that small 
errors will not grow during the computations.  The follow- 
ing set of difference equations was used for the numerical 
calculations: 

(4.5) F** = -t -k tC-O " 

(4.6) e" = 0 C^r,  ur.w) 

(4.7)      p-^pCCep,^) 

(4.8)     uJ.  - kT  = -— LUT.   ♦ ^ / C   -^ 

where we use  the notation, 

T = n AT    ,    r> = o, I, 2/-- • , 

CT*' sUU-Ait.r+Ar) , etc 
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For our particular problem, dp,  and ff*'.  In Eqa. (2.21) 
and (2.22) are evaluated from Eqs. (3.8) and (3.9).  The 
system, Eqs. (4.1)-(4.9), is as a whole correct to 

C/C&t)  +• C/(A< )   l  and the system Is explicit provided 
the quantities are solved for In the proper order.  If all 
the variables are known at r=r WAT and there are boundary 
conditions at j=0  and j= J , then the values at the new 
time  r = (w4-()Ar  can be computed In the following order: 

An analysis of the stability of Eqs. (4.1)-(4.9) has 
been carried out and the results Indicate that In the 
normal region. I.e. the region where the viscosity, heat 
conduction, and chemical reaction are negligible, the 
solution Is stable provided the following criterion Is 
satisfied : 

'->   [r(MI-(i)T^-- 
Here AT Is the time step from t"     to T™    .     The 

terra In brackets has already been evaluated In Eq. (3.12). 
In the shock region. I.e. the region where the viscosity 
and/or heat conduction dominate and the chemical reaction 
Is negligible, the stability criterion Is 

In the detonation region. I.e. the region where the chemi- 
cal reaction Is so rapid such that a relative change In 
mass fraction of, say, 0.1 occurs In a time step which Is 
negligible compared to the hydrodynamlc time step as de- 
termined by Eqs. (4.10) or (4.11), the stability criterion 
Is determined by the condition 

»  . _•>♦• (4.12) ur. -ur- < €, UJ  ,o<6h<i, 

where €n Is a small number which may depend on the 
time step If desired.  This leads to the condition 

co 

(4.13) AT ^ , 1— e ei . 
Ü-6JV 
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A condition which appears to be sufficient to Insure 
stability Is 

where the criteria for the normal and shock regions have 
been combined. 

B.   Lax Scheme 

The appropriate set of difference equations Is 

(4.15) cr-iOcp^cu.-.-u,:) 

(4.16) u- kCi^v;)=-^ c^-tj:) 

(4.17) er-i(£>«)^LM"'t-4(^V)]-Ä(^-5M:) 

(4.i8) ej-^eCEp;^) 

to 

(^.20)  ur^-i-fur.^itr") = -i^Ar ur." e" ^" 

(4.2i) s^iCs;.^,:)*^^. 

The stability criterion valid everywhere Is 

If AT as chosen by Eq. (4.22) makes wj*** O , setwj^'sO . 

Comparing Eqs. (4.14) and (4.22), It Is seen that the 
Lax scheme allows for the use of much larger time steps, 
since Eq. (4.11) Is a much move restrictive criterion than 
Eq. (4.10) when shocks are present. 
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C.   Initial and Boundary Conditions 

The Initial conditions valid for j = oj i}2,••♦,J are 

(4.23) cJ^eNu/;*,, ^GNF^o.sNj^.k-^wv^E* 

The boundary  conditions  valid  for   n>0 are 

o >    r 

(4.24) c:= ^(WCMC:^C;). c> ^r(wc;.^C*2c;j 

r0    is obtained by expanding ^ ^ ^   , and  F^    in a 

Taylor series about the point f^  and keeping terms up to 

C/U4 J .     We then solve for ^^j  in terms of F^* T*, 

r  , P,   and then set (cirj = O to give the desired 

result.  In similar manner we obtain P ^ 90 , ©7 1 •»!»•* 

and (J . 
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V.     SAMPLE  CALCULATIONS 

In order to demonstrate  the feasibility of carrying 
out  the solution of one-dlmenslonal  flow problems  Involv- 
ing detonation waves  by   the proposed   techniques,   sample 
calculations  were performed.     In all   the  calculations   the 
following data were used: 

J■ loo ', Uj =o t v\- 0,1,  
Inert and unreacted explosive: (ft = |0  K= 2.4-S«4 x 10 , 

L= 2.0O699ic(0* W»«-3.0I032*(O' 

V\ = l-OOi-ff X 10 

Explosive: oo = 50 ; E** = -J.^M^? "(O4- 

The initial conditions are given by Eqs. (4.23).  The 
boundary condition Uf^-O    corresponds to a rigid wall at 
a distance L from the initial position of the left hand 
piston. 

Case 1 

Type of problem:  Shock in a chemically inert material. 

Boundary conditions: "LJj* s^«,24l , n>0 

Constants: GL = (0 ; b=O,V = 0 

A chemically inert material is contained by a moving 
piston and a rigid wall. 

Case 2 

Type of problem:  Shock initiation to detonation at inert- 
explosive interface.- 

 v —  _  -     0 

Constants: Q, = 10 j b = O y v = J 

Boundary conditions: ZJ^ « iv^.IOl l   t>>o 
O if  06ji 29 
I0'* if 3oS j Ä 100 

The situation depicted here corresponds to a com- 
posite material of identical equation of state and 
physical properties, where the chemically inert material 
lies in the region o$t<o.3J and the explosive is con- 
tained in 0.3s$i I .  A piston moves with constant veloci- 
ty into the inert, and a rigid wall contains the explosive, 
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Case 2 

Type of problem:  Shock Initiation to detonation near 
Inert-explosive Interface. 

Boundary conditions: XJo  = H9.io( ^ n>o 

Constants: a = 4; b« 5"*io'r  -•  ' '   "     J 

" If 3oij i too 

Case 4 

Type of problem:  Shock Initiation to detonation near 
Inert-explosive Interface, 

7 r * Boundary conditions: U^ = n^.loi > w>o 
If   0«j 4 2.«! 

If  "iO «j & <oo 
Constants: a.= 4-, b= S^x^o        vrJ     l4. 

IOC 

Case 5 

Type of problem:  Shock Initiation to detonation at Inert- 
explosive Interface. 

n     fnnoi if t< o.ooottt. 
Boundary conditions: U; = ( 0  lf T.>o.o<>o««»fc 

Constants: OL = (O WCO .1^=1   ..   0iii 

A piston moves with constant velocity Into the Inert 
and after a finite time Is suddenly stopped. 

Case 6 (Lax Scheme) 

Type of problem:  Shock initiation to detonation in an 
explosive. 

Boundary conditions: XJ^ = 1^8.241 

A piston moves with constant velocity Into a solid 
explosive which Is confined by the piston and a rigid 
wall. 

In computations Involving the use of viscosity or 
heat conduction, the use of realistic values for the 
transport phenomena demand that the characteristic mesh 
size used in the numerical solution be of the order of 
the shock thickness in gases [4l or a few angstroms In 
solids.  Since this Is impossible for practical problems, 
then u.   and X must be made larger by at least several 
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orders of magnitude If the mesh width Is to take on 
reasonable size.  It has been found experimentally (nu- 
merical experimentation, that Is])  that for the equations 
of state used here, the values of a, and b that lead to 
stable shocks are approximately of £?C««0 and C)Cioc> 
respectively. 

For the piston velocity given In Case 1 we compute 
the steady state values behind the shock, shown In Pig. 2, 
to be P-si.tSxio^C« a7(J ^ © s 3.6« . These compare with 

the values 1^;= i.3t»ft4x(0^CM= 0.712 7^7, ö^y.mff-f which are obtained 
from the solution of the Ranklne-Hugonlot equations. 
Actually the values very close to the piston are not those 
quoted above but we find that G and 9    are  about 10^ and 
19^ too large respectively.  This type of behavior Is also 
common to the "•■" method and can be readily understood 
when It Is noted that a linear or quadratic viscosity term 
gives rise to an abnormally high energy production in the 
region of a velocity discontinuity. Notice that In Case 1, 

In Case 2, where the thermal conductivity is equal to 
zero, the first explosive particle that is heated by the 
steady shock crossing the interface must go to complete 
reaction first.  This is clearly shown in Fig. 3.  The 
value of 1^  is sufficiently large so that reaction starts 
and goes to completion in the shock region.  The detona- 
tion progresses to the right while a shock travels back 
into the Inert. 

In Case J>  the value of V    is chosen so that appreci- 
able chemical reaction starts only after the entire shock 
zone has heated the explosive particle.  While the inter- 
face is first to react, heat conduction to the inert soon 
controls the temperature rise and complete reaction first 
occurs at some Interior explosive particle.  The pressure 
here goes up to about ».•% x 10*"  at r = o.oo»?o2<?6 as shown 
in Fig. 4.  A rarefaction wave lowers the pressure at 
that point as shocks move toward the right and left.  The 
latter shocks compress and bring about complete reaction 
of the neighboring partially reacted explosive particles 
which go to higher pressures.  Hence the pressure curves 
contain a valley, a situation which did not occur in 
Case 2 where A=0. 

Having X^ O   in Case 3 has an effect on the steady 
state values of the inert particles near the piston In a 
pure shock.  The Ranklne-Hugonlot equations lead to the 
values P=6.^zoiicio* , '/^ -  i.i,n(fr , G^= Z.oo««7« , for the 
dimensionless piston velocity LTslH.IOl.  Comparing 
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Case 1 

On each curve the dots when read from left to 
right are the mass particles labeled J = 0,2,4,.... 

O ^ V5 

-  14 r —> 
/ ^       ^ 

\ A 
- 12, 

\ \ 

- 10 

i 

1 
-   8 l t-T -^=0.0012? 

PxlO' 4 u ̂- Ts o OOOS/S" 

-  fc 

-  4 

- z 

Q 
\ 

- -f - V., 
1 I i 1                        1                       1                       1 1          t 

01 oz 0.3 0.4 0,5      O.fc 
S 

0.7 O.S OA 1.0 

Figure 2.  Pressure P vs. Eulerlan position S for various 
values of the time T . 
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Case 2 

On each curve the dots when read from left to 
right are the mass particles labeled J ■ 0,2,4,.... 

:6 

*/=O0e6«;5 

*     '/ 

r- o.oootrfc 

T-^O.OOOiyj 

ai 02 O.-J 
_L X 
0.4    o.S 

s 
0.6 ar o.* 

Figure 3»  Pressure P vs. Eulerlan position S for various 
values of the time T . 
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Case 3 

On each curve the dots when read from left to 
right are the mass particles labeled J • 0,2,4,.... 

- 16 

J L 
0.1 0.2 0.3 0.4    OS 

S 
Oi, 0.7 0.% 

Figure 4.  Pressure P vs. Eulerlan position S for various 
values of the time r . 
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these values with computed values for the shock profile 
shown in Table I, we see that even in the region of piston, 
there is very good agreement in contrast with what is found 
whenA = 0.  This can be explained as follows. We have 
already noted that the viscosity terms lead to abnormally 
high energies in the neighborhood of a velocity discontinui- 
ty.  These high energy gradients can be considered, by use 
of the caloric equation of state, as abnormally high 
thermal gradients which in turn tend to remove the excess 
energy by heat conduction to the colder regions.  Therefore 
while the temperature gradients are also falsified, they 
tend to compensate for the viscosity effect.  By proper 
adjustment of the values of o. and b , the correct values 
for the state variables can be found near the piston. 
Finding the correct value of the temperature near the 
piston is very Important for problems where the piston 
strikes a highly temperature-sensitive explosive surface 
directly.  For if the temperature is falsified In the 
direction of too high a value, as is done when we let 
X = O , or even more so when the "<^" method is used, then 

detonation may occur when In reality the shock temperature 
is not sufficient to cause It. 

Comparison of Figs. 4 and 5 representing Cases 3 and 
4 respectively shows the effect of Increasing the value of 
V    so that complete reaction takes place in the shock zone. 
In Case 4 the reaction zone (i.e., the zone where 

O.oo i * ox * 0.m)l s never spread out over more than five or six 
particles.  For Case 5, by the time the computation has 
reached r = 0.001+4 109   (see Fig. 4), the reaction zone 
has been compressed to encompass two particles.  Initially 
it was very much larger as can be seen from Table II where 
the mass fraction of unreacted explosive ur at different 
particle numbers j  Is given for different values of X    . 
Those points j  such that o<ur.n< (  and that lie to the 
right of the zone of complete reaction, are in the shock 
zone. 

In Case 5 the head of the centered rarefaction wave 
reached the Interface at the time the latter had already 
undergone about 5^ reaction ( ur(<).4-. o.ooia) = o.'lsrz ; .  The 
reaction was already extremely rapid so that it could not 
be quenched by the rarefaction wave.  The interaction of 
the rarefaction wave and the detonation wave during the 
initial stages of growth of the latter is shown in Fig. 6. 

In Case 6 we have extended the Lax scheme to detona- 
tion problems.  The value of 1/ = (0* is sufficiently small 
so that as the shock travels through the explosive, the 

554 



En lg 

s 
(v- 

Q* ^o o 
1 -■ 

c 
0) 
M 
o 

s 
a) CD 
E 

^j-CM CVJ ^ moNoo m^xrH tn.^-^-r—CVJVO CM rrNt~-a\a\CM m^-r-< in     M 

i-l rH rH rH rH i-l rH r-l tH rH rH O OMnOO vO rH ON rr\ O O O O O O O       O 

O        vO^O^OvDvOvOv£)vX)^Dvx>vo^Dir\m^" r^CM 

OJ LTvr^rH ON^^- KNON^l- t^-LHrH rMCO K>viD lAh-rH CM O O O O O        O 
C7\aNOrHrHCMCMCwrHr-fOCT>t-CMrHr^t~- LTV-^- .HOOOOOO        O 
a>a>oooooooooaNaN ONOO vof^\rHOooooooo«»o 
rHf-ICVJCMCMOJCMCMCVJCMCMrHr-(r-lrH^trHr-(rHrHrHrHiHrHrHrH        r-l 

^   O rH CM *>^ ^■■o^rOvO^CMOJONr-tOrHCOaOaDt—CMCVJONCMOOOO        O 
U        «  *   ._ ON CT» CTv CTv OA ON (T> CT\ ON ONOO 00 VO rH O rH rr\^0 O NA O O O O O O       O 
J            ^»       ^^ rHrHrHrHrHrHrHrHHrHrHrHrHrHO00LnairHOOOOOOO»«O 

o fcp-'   
O    »^ rHrHrHrHrHrHi-HrHrHrHrHrHi-HrHrH O       — 
o 
ll 

■P    O -^ 00 VO-3- CM rH rH rH CM roy N^ .H j^-00 V-D CM fA^- O ^-O rH O O O O O        O 
«>».-. o ONONaNONONONCTvaNONaNONoo^ r<>oo rH LncM o o o o o o o     o 

CJ r^NCM CM CM CM CM CM ^J CM CM CM CM CM CM CM rH rH O O O O O O O O O »»O 

9 

0) 
m 
M 
o 

X 

^f ON ^00 CMt'-CM^OrHvOOmO C—vO rHinCT\(<\0000000       o 
S    ._    rHMD CM f-r^OO^- CT\inOv£> rH t^-OJ0O LHCM O O O O O O O O O       O 
t/\      t~a0 O rH r<>^->Xl t-ON^i CM^J Lr\t~00 o CM^J-VDOO o OJ^-»X>OO o ««o 
v OOrHrHrHrHrHrHrHCMCMCMCMCMCMr^r<>r<M<\ r^-^- ^T -^- ^- ^- in       O 

OCM^rvO00OCM^-^000OCM^l-^00OCM^-^j000OCM^-v000O«»O 
rH rH rH rH rH CM CM CM CM CM m KA K\ r^» r^^" ^--^--* ^t ir\       O 

555 



En lg 

Case 4 

On each curve the dots when read from left to 
right are the mass particles labeled J - 0,2,4,.,.. 

t - 0.0007+4- 

r=o.äOo*+i 

Figure 5.  Pressure P vs. Eulerlan position S for various 
values of the time T . 
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Case 5 

On each curve the dots when read from left to 
right are the mass particles labeled J « 0,2,4,..,. 

Figure 6.  Pressure P vs. Eulerlan position S for various 
values of the time T . 
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chemical  reaction behind   the  shock  zone  Is quite  slow. 
Eventually a high pressure region of reaction forms ahead 
of  the piston and  well  behind   the  shock front as  is  shown 
In Fig.   7.     This high pressure  region rapidly catches up 
to the shock front during the  transition to steady state. 
The detonation wave  Is  reflected  off  the rigid wall as a 
shock since all of the explosive has already been converted 
to detonation products.     The steady state values for the 
ditnenslonless density,   temperature,   and pressure are 1.^4, 
6.15* and  1.66 x 10^ respectively.     These compare with the 
Chapman-Jouguet values of 1.533,  5.8? and  1.569 x ICP,  It 
Is  felt  that  the correspondence between the  two sets of 
values  can be  further Improved  by a  more  Judicious  choice 
of  the  finite  difference  representation of the boundary 
conditions  for the Lax  scheme. 

Concerning the question of critical  time necessary 
for growth from initiation  to  detonation,  all  our numerical 
calculations  Indicate  that for one-dlmenslonal problems if 
as  little as one or two percent of the explosive has re- 
acted,   then a detonation wave will be established and will 
not be  quenched by any  reasonably  strong rarefaction waves 
which may appear on the  scene.     Just as has been found by 
Hubbard and  Johnson C2l,  we find  that for very temperature 
sensitive  reactions   the   time  necessary  to  react  the major 
portion of the explosive  Is small compared to the hydro- 
dynamic  time  step necessary to Influence motion. 
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Case 6 

■r= o.oo i g-1 

-r^o.ooijy 

0.9    (.0 

Figure ?•  Pressure P vs. Eulerlan position S for various 
values of the time r . 
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INITIATION OF A LOW-DENSITY PETN PRESSING BY A PLANE SHOCK WAVE* 

G. E. Seay and L. B. Seely, Jr. 
Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 

The initiation of explosives by shocks has been studied most ex- 
tensively by means of various gap sensitivity tests (l-3) where in 
general the geometry is somewhat complicated.  Usually such tests 
employ non-planar shocks with large pressure gradients behind the 
front, and give resultc only In terms of the maximum thickness of the 
gap material which can cause detonation of the explosive.  In princi- 
ple, however, it should be possible to define the conditions of the 
initiating shock in the explosive Itself (^,5). Tests in plane geome- 
try, which can be designed for easier charactsrizatlon of the shock, 
have been made on homogeneous explosives (6,7) and on high density 
solid explosives (8,9). For explosives pressed or cast to high densi- 
ties, the importance of the discontinuities in the material is not In 
every case clear, there being some evidence that the type of initi- 
ation and even the mode of propagation change as the density ap- 
proaches that of the crystal.  Our Interest lies in the sensitivity of 
granular explosives pressed to low densities, where the spaces between 
the particles constitute a large fraction of the total volume of the 
pressing. Here the Interstitial gases or the discontinuities might be 
expected to play an important part in the initiation process. We have 
conducted tests on granular PETN pressed to a density of 1.0 gm/cnP, 
corresponding to about hh%  voids in the pressing.  It is the purpose 
of this paper to present our first results and to discuss some of the 
difficulties Involved in characterizing shocks in pressings of this 
density. 

* This work was performed under the auspiceb ^f the U. S. Atomic 
Energy Commission. 
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EXPERIMENTAL 

The experiments were carried out on wedge-shaped (6,9) PETN 
charges using a streak camera to record the initiation phenomena. A 
shock was produced by a special plane-detonation-wave generator and 
reduced to the proper pressure by means of impedance mismatching in an 
attenuator system.  The surface of the attenuator, on which the wedge 
was placed, was illuminated by an explosive argon flash (10-12) so 
that the time of entry of the shock into the wedge ccald be determined 
from the start of motion of the attenuator surface. The appearance of 
first light from the PETN was taken to indicate the onset of detona- 
tion.  Thus, we could deteniiine the average velocity öf the initiating 
disturbance and the distance it traveled into the charge before the 
detonation became apparent. 

The Shock System 

It is possible 
whose front has almo 
in the region behind 
in general these cha 
the peak pressure ne 
a plane shock front 
duration of the expe 
of these ideals were 

to initiate explosives by means of a shock wave 
st any shape in space and for which the pressure 
the front drops in almost any way with time, but 

racteristics of the wave are expected to affect 
cessary for initiation. For simplicity we desired 
followed by a constant-pressure region for the 
riraent, and in fact close approximations to both 
achieved.  The shock system is sketched in Fig. 1. 

PETN    WEDGE—, 

I BRASS I 

I" 
f- 

Fig. 

POLISHED   SURFACE 

MISMATCH    MATERIAL 

1020   STEEL 

Charge Arrangement for 
PETN Wedge Experiments. 

An 8" diameter plane wave generator of the type described by J. H. Cook 
(13) was used to form a detonation wave which was plane to about 
±0.12 mm. Since a comparatively low pressure is sufficient to initi- 
ate PETN, 76/21* Ba(N0o)2/TNT (Baratol), which has a detonation pres- 
sure of about lUo kb, was used for the main charge. A one-inch thick- 
ness of SAE 1020 steel was placed on the Baratol.  On this was placed 
a mismatch material, usually Lucite, in which the wave produced a 
pressure of about 30 kb.  The next component in the attenuator was 
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brass (60.6i  Cu, 39.3^ Zn), in which a pressure of about 60 kb was 
produced.  The PETN wedge sat on the surface of this brass, but, be- 
cause of the mismatch at the brass-PETN interface, the pressure in the 
wedge was only a few kilobars. 

Various attenuators, designed on this general plan, were evalu- 
ated in detail by use of a'n optical method for the measurement of free 
surface motion developed by Craig and Davis (14). As shown in Fig, 2, 
a wire (or other object with a well-defined edge) is placed above the 
surface to be measured and viewed at an angle with a streak camera. 
The surface is illuminated by an argon flash so that the wire and its 
image on the polished surface^can be photographed. When the surface 
begins to move in the direction of the shock, the virtual image behind 
the surface will appear to move across the camera slit toward the 
wire.  If we know the magnification M, the camera angle 9, and the 
angle cV. which the moving image makes with the wire on the film, then 
the free surface velocity is 

U tan öL 
U. 
fS      2M sin Q 

where Uc is the camera writing speed.  Imperfections on the polished 
surface move at one-half the speed of the image of the wire, and can 
sometimes be used for measurements.  Traces of such imperfections will 
show sudden bends at the onset 0%  free su2-face motion, and, when there 
are many of them across the surface, they "can be used to examine the 
planarity of the shocks. 

By use of the quite accurate approxtmaüCÄ.Xl5) that the particle 
velocity U_ in the brass is one-half the measured free surface veloci- 
ty Ufs, the shock pressure P in the brass plate was deduced from the 
published data on the Hugonlot for brass (l6).  It can be assumed that 
in most practical shock systems the pressure will drop to some extent 
behind the shock front.  Such a falling pressure contour should pro- 
duce a gradual lowering of the peak pressure as the wave progresses 
through a material.  However, measurements of the free surface veloci- 
ty for thicknesses of brass between l/V and 3A" showed no detectable 
change.  This indicated that the falloff in pressure produced a free 
surface velocity effect that lay within our experimental reproduci- 
bility, and from this we have estimated that the pressure decreased 
less than hi  as it travelled through this 1/2" thickness of brass. 

The peak pressure was varied by changing the mismatch material 
or, when using Lucite, by changing its thickness. The thickness 
method of adjusting the pressure probably depends on the existence 
of the pressure drop postulated above. 
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IMAGE 

Fig. 2 Diagram of the Experimental Arrangement.  A streak camera 
record, printed as a negative, has been positioned so as 
to show corresponding features. A wire and its image in 
the polished brass surface are used to determine the free 
surface velocity. The irregular line on the part of the 
film corresponding to wedge-face is the detonation. 
Irregularities are ascribed to uneven initiation across 
the surface of the shock within the PETN pressing. 
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Explosives 

In order to perform experiments at low density by the wedge 
technique it was necessary to obtain an explosive in a crystal form 
that would press easily to a reasonably uniform density and produce 
a pressing strong enough to permit shaping and handling. We also 
wished to pick a material that could be or had been studied (6) in 
the form of homogeneous large crystals. We believed there would be 
some advantage in using low shock strengths so that the contrast with 
the single crystal work would be striking.  The sensitivity of low 
density PßTNpressiags recommended them on this score.  There is a con- 
siderable amount of information on the crystallization of PETN (17). 
By fairly rapid crystallization long thin and irregular crystals can 
be produced which have a low bulk density and might be expected to 
press well. For all these reasons, PETN was chosen for study.  Pre- 
cipitation was accomplished by adding water to an acetone solution. 
This gave elongated prismatic crystals, somewhat twinned, a good 
fraction having re-entrant cavities along the main axis of the 
crystal.  The specific surface, as measured with an air permeability 
apparatus, was about 3000 cm^/gm. Wedges were fabricated by pressing 
such PETN to a density of 1.0 gm/cmJ In cylindrical pellets in a 
special die.  This die could be partially disassembled so that the 
PETN contained in the remaining section could be shaved into a wedge 
at an angle of 19.5 degrees. The wedge was then removed from the 
second die section. 

The first experiments were attempted with the PETN wedge sur- 
rounded peripherally by a part of the steel pressing die, but after a 
method had been developed for removing the wedge from the die it be- 
came clear that the die had perturbed the shock sufficiently to give 
erroneous results^  In some early experiments a mirror was used on the 
angled wedge surface in the hope that it would permit observation of 
the initiating disturbance. This also was shown to give results that 
were misleading.  Low density pressings of PETN are probably especial- 
ly sensitive to these effects, since the velocity of the initiating 
shock is so low.  The abandonment of mirrors and similar materials 
over the surface of the wedge meant that most of the experiments were 
performed in such a way that the initiating shock could not be ob- 
served in the PETN, since it was so weak as to be non-luminous. 
Therefore, we have measured the time and distance from the entry of 
the shock, as shown by the start of surface motion of the brass, to 
the start of detonation, as indicated by the first appearance of light 
intense enough to be recorded by our camera. 
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RESULTS 

A diagram of the experimental setup is shown in Fig. 2 together 
with a print of a typical camera record. Data from the experiments 
are presented in Table I. The values of Brass Free Surface Velocity 
could be determined to within about ±^. The greater variation among 
the three free surface velocities for 1 1/2" thick Lucite is believed 
due to wave tilt Introduced by the use of two 3/4" pieces that had not 
been selected for flatness.  Data in the Depth of Initiation and Time 
of Initiation columns were obtained by measuring the position and time 
where light was first recorded from the PETN. This was a difficult 
point to measure, and it could not be done with much accuracy. Never- 
theless, the accuracy is sufficient to permit determination of the 
conditions under which the depth of initiation becomes very large. 

The luminous trace from the wedge was Identified as a detonation 
by comparison with strongly initiated wedges.  In the first three 
shots listed in Table I the initiating shocks were strong, the delays 
were so short as to be almost obscured by the toe of the wedge, and 
the light from the waves travelled across the wedge with nearly con- 
stant velocity (corresponding to 5-8, 5.7, and 5.7 mm/sec through the 
pressing for shots 1, 2, and 3 respectively). We therefore assumed 
that the self-luminous disturbance was in fact a detonation wave even 
when determination of the velocity was impossible. The irregularity 
of some traces, an example of which is given in Fig. 2, is taken to 
mean that the initiation did not take place simultaneously over the 
surface of the shock wave in the low density PETN pressing. This is a 
cause for lack of precision in measuring the depth of initiation. 

Figure 3 is a graph of Depth of Initiation vs Brass Free Surface 
Velocity and gives some indication of the reproduclblllty. The cor- 
responding shock pressures in brass are also given along the abscissa. 
These pressures were determined from an extrapolation of the shock 
Hugoniot data published by Walsh, et al (l6). Their Hugoniot curve 
for brass is shown in the pressureTparticle-velocity plane in Fig, 4 
with a typical state point S indicated. 

Fig. 3 Depth of Initiation vs Brass 
Free Surface Velocity. The 
depth of initiation is the 
distance from the original 
position of the brass surface 
to the level in the charge 
indicated by the position of 
first light on the film. 
Depths of initiation less than 
1 mm or greater than 8 mm could 
not be accurately measured, 
and are indicated by the open- 
sided symbols. 

Ü 
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DISCUSSION 

The shocked state of the brass can be determined simply from the 
experimental results.  However, defining the sta-ce of the shocked PETN 
is less straightforward. The P£TN has been treated as a homogeneous 
material and the initiating shock has been assumed to move with a 
velocity, in the neighborhood of 1 mm/usec,  equal in each case to the 
quotient of the numbers in the last two columns in Table I. We have 
used what Walsh, et al have called the Graphical Solution of the 
interface equations.  A more complete description of this procedure 
can be found In their article (l6).  Starting from a typical shocked 
state such as S in Fig. kt   subsequent state points of the expanding 
brass must lie along the adiabat through point S. We have used the 
approximation that the adiabat can be replaced by the mirror image of 
the Hugoniot about the line corresponding to the value of U_ at the 
point S. Such a curve is shown dotted in Fig. k.    From the values of 
shock velocity we have then constructed lines having slopes equal to 
/00Ug for the PETN, one of which is shown as a dashed line in Fig. k. 
In order for the pressure and particle velocity to be continuous 
across the PETN-brass interface, the state point of the PETN for a 
given experiment must be at the intersection I of the two curves.  Re- 
peating this process for each experiment we arrived at a series of 
PETN state points which, with certain reservations, can be regarded as 
defining a PETN Hugoniot, shown in Fig. 5. 

These reservations regarding the real- 
ity of the PETN pressure and particle- 
velocity arise because of the assumptions 
made concerning the initiating shock and 
because the heterogeneous PETN pressing has 
been treated as homogeneous for hydrody- 
namic purposes. These questions deserve 
considerable discussion and have been the 
subject of the special experiments de'scribed 
below. 

The Initiating Shock 
aa*g^dExi: 

•rit   ytt.ee 

By increasing the illumination of the 
surface of the wedge and eliminating the 
simultaneous free surface velocity measure- 
ment it has been possible to obtain records 
of the initiating disturbance in its travel 
through the PETN. Such experiments have 
shown that this disturbance accelerates 
continuously.  Although the early part of 
the smear camera record looks almost 
straight in some cases, the curvature in- 
creases progressively as the point of 
initiation is approached.  Since this is 

Fig. k    Pressure vs 
Particle Veloc- 
ity Plots for 
Brass and PETN. 
The brass 
Hugoniot is from 
Reference 16. 
See text. 
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O  SHOCK   FftQy   III«««   INTO    PtTK 
Q  SMOCK  FltOM    LUCITC   INTO     PtTU 

OSO OSS O« 
PARTICLE    VELOCITT   (MU/itSCC) 

PETN "Shock Hugoniot". The 
pressures and particle ve- 
locities were derived from 
measured properties in the 
last element of the attenu- 
ator, employing a number of 
assumptions whose validity 
is discussed in the text. 

the case, the method used in the 
work reported above to estimate 
shock velocities has yielded 
values too high by perhaps lOj». 
Thus the derived PETN pressures 
should be reduced approximately 
10^.  On the other hand, this in-   s 
accuracy is about the same magni-   J 

tude as some of the other un- 
certainties in calculation of the 
pressure. The important point is 
not that the pressure be known 
with great absolute accuracy but 
that the fact be established that 
PETN can be initiated by shock    Fig, 5 
pressures as low as a few kilobars. 

When acceleration of the in- 
itial disturbance is taking place, 
chemical reaction is clearly 
present.  It seems reasonable that 
the shock is essentially unsup- 
ported in the early stages when it 
is moving into the PETN with almost 
constant velocity. However, it must be admitted that this has not 
been proven, and that the existence of a meta-stable supported shock 
is still a possibility as far as the present experiments are concerned. 
If this is in fact the situation, the curve in Fig, 5 would be consid- 
ered as a Hugoniot for partially reacted PETN, but only if the con- 
stant velocity region is considered to represent a steady state. How- 
ever, different initial velocities seem to indicate that each point 
would represent, under these assumptions, a different degree of reac- 
tion and that Fig. 5 would then not represent a Hugoniot at all. The 
variation of the initial velocities do not have this implication for a 
shock with extremely small amount of chemical reaction, and in this 
case Fig, 5 could be a fairly close approximation to the Hugoniot for 
unreacting PETN, 

PETN Shock Hugoniot 

There is a question as to whether it is legitimate to speak of a 
Hugoniot for a PETN pressing, which consists of individual PETN grains 
at crystal density and air spaces at very low density. The quantities 
^o and U8, used to arrive at the pressure and particle velocity 
values for the Hugoniot, are both averages. When the shock first 
crosses the interface between the attenuator and the explosive, it 
seems questionable that any small region in the PETN pressing actually 
exists at the pressure and particle velocity given by the point I in 
Fig, h.     In other words, the appropriateness of considering the press- 
ing to be homogeneous depends on how much small scale detail is re- 
quired for the purpose at hand; and consideration of initiation would 
seem to require details for individual grains. 

570 



Seay and Seely 

For purely hydrodynamic purposes, the "average Hugoniot" of the 
pressing may be a very useful curve. To check this, points on the 
PETN Hugoniot were also determined when the PETN was shocked from a 
material which was hydrodynamically quite different from the brass 
that was used in the original experiments. The l/2-inch-thick final 
attenuator element of brass was replaced by'a dual element consisting 
of l/2-inch of uranium and l/2-inch of Lucite. The shock entered the 
PETN from the Lucite and the pressure and particle velocity in the 
PETN were determined from the intersection of the approximation to the 
Lucite (18) adiahat and the /00^e  line, Us having been determined as 
before. In Fig. 5, two points from such experiments are seen to lie 
on the PETN Hugoniot determined from the data collected when brass was 
the last attenuator element. This means that the PETN Hugoniot is 
satisfactory for predicting shock velocities in the pressing if the 
hydrodynamic properties have been determined for the material from 
which the shock enters the PETN. A distinction has been made here be- 
tween the prediction of the shock velocity (which can be checked in 
absolute terms by measurement) and the derivation of the corresponding 
pressure (which we have not measured directly). 

The PETN "shock Hugoniot" In Fig. 5 is probably more accurate 
than the individual points. Therefore the intersections of this curve 
with the appropriate brass adiabats have been used to evaluate the 
PETN "shock pressures", which are plotted against the depths of initi- 
ation in Fig. 6. On this basis, the minimum initiating pressure of 
50 kb in the brass is seen to corres- 
pond to a derived pressure of about 
2.5 kb in the PETN. 

There is another aspect of 
these experiments which could in 
principle be quite distinct from the 
hydrodynamic properties of the press- 
ing; namely, the question of the 
sensitivity of the PETN when shocked 
from the two materials, brass and 
Lucite.  In the microscopic sense it 
is clear that the impedance match is 
different for these two materials as 
the shock enters the individual PETN 
grains or the air spaces between 
them. Strictly, it could not be 
taken for granted that the sensitiv- 
ity of the PETN would be the same 
for shocks from the two materials 
even though they eventually produced Fig. 6 
the same macroscopic average shock 
velocity in the pressing. However, 
the depths of initiation have turned 
out to be consistent with the hydro- 
dynamic behavior. This is shown by 
the triangular points in Fig. 6. 
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Depth of Initiation vs 
PETN "Shock Pressure". 
The meaning of the pres- 
sure values is subject 
to the qualifications 
applying to the PETN 
Hugoniot. 
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In spite of the difficulties, the shock velocity in the PETN 
pressing can be calculated, and the initiation of the PETN will take 
place according to this velocity. The relative pressures, naturally, 
will also serve as such an index. 

Effect of Interstitial Gases 

One proposal for the mechanism of initiation of detonation in- 
volves grain-burning started by means of the compresslonal temperature 
of interstitial gases in the pressing.  Compression may be considered 
to take place by a single shock along the Hugoniot, by a series of 
compressions along a curve approximating an adiabat, or even by means 
of a clear-cut shock reflection. Regardless of these details the tem- 
perature can be altered at least 500oC  by choosing gases with widely 
different hydrodynamlc and thermodynamic properties.  In order to 
achieve extremes in this sort of behavior, we have evacuated wedges 
and replaced the air, either with argon to produce high gas tempera- 
tures, or with methane to produce low gas temperatures. The results 
of tnese tests are shown in Fig. 6, and the fact that these depths of 
initiation agree within experimental error with the values for air is 
taken as strong indication that the temperature of the interstitial 
gas has nothing to do with the mechanism of initiation. Temperature 
differences of several hundred degrees would have a profound effect on 
the rate of grain burning or on the rate of chemical reaction if such 
temperature changes could be brought to bear on these processes. 

An experiment was also performed in which the pressure of the 
interstitial air was reduced to the range between 50 to 100 microns. 
The temperature of the compressed residual air In this case was not 
much different from that achieved at normal density but the total 
amount of energy available for transfer fror, gas to PETN was lowered 
by a factor of about 10 . This low-pressure shot is also shown in 
Fig. 6, and again demonstrates that the interstitial gases did not 
affect the Initiation process. 

CONCLUSIONS 

By use of a special low-bulk-density PETN it has been possible to 
extend wedge-type initiation measurements to low-density pressings. 
For such pressings it is to be expected that the nature of the crys- 
tals and the properties of the Interstitial gases would affect the 
initiation characteristics, if they are jver to be important. The ex- 
periments reported on the lack of effect of interstitial gases seem 
to eliminate this component from the mechanism. Further experiments 
need to be done to assess the importance of the properties of the 
solid grains. 

The particular type of PETN we have used has been shown, at 
1,0 gm cra"^ density, to be sensitive to shocks that are quite weak 
compared to those required for the initiation of high density ex- 
plosives. The hydrodynamics of the interface between the material 
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used to carry the shock and the particulate explosives can apparently 
be treated satisfactorily by using methods developed for homogeneous 
materials. On this basis we arrive at a pressure of about 2 1/2 kb In 
the PETN pressing as the lowest pressure with which we have been able 
to produce initiation.  In future experiments this pressure will be 
compared to the pressure necessary to initiate pressing in other den- 
sities.  It is hoped that the changed interface conditions can be 
properly taken into account in this manner. 
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THE TRANSITION FROM SHOCK WAVE TO DETONATION 
IN 60/^40 RDX/TNT 

E.L. Kendrew and E.G. Whitbread 
Explosives Research and Development Establishment 

Ministry of Aviation 
Waltham Abbey, England. 

INTRODUCTION 

In recent years an increasing amount of attention has been paid 
to the initiation of detonation by shock; this is important for 
both the design of weapons and the general understanding of aeneiti- 
vity. 

Hertzberg (1) was the first to observe that if a charge is 
detonated by a shock wave the detonation occurs at a point inside 
the charge and not where the shock wave entered.  As the shock 
has a lower velocity than the detonation the concept of a 'delay* 
is thereby introduced, i.e. the charge takes longer to detonate than 
the time calculated by dividing length by detonation velocity. 
The concept depends on the reasonable but incorrect assumption that 
the detonation ought to start at the entry face.  The weakness of 
this assumption is well illustrated by the behaviour of large, near 
perfect, RDX crystals which usually detonate backwards from the 
face by which the shock wave leaves the crystal (2). 

There .are at present two theories on the shock initiation of 
explosives.  It is common to both.that the shock wave initiates 
some reaction in that part of the charge through which it first 
passes;  one theory (3) holds that the energy from this reaction 
reinforces the shock in a continuous manner, while the other theory 
(^f) postulates that the rising temperature of the reacting material 
ultimately results in the production of a condition of thermal 
super-conductivity and a "heat-pulse" flashes through the ^charge, 
setting up a detonation when it overtakes the shock front. 

It is a consequence of the first theory that the ensuing 
detonation will propagate only in the direction of the initial shock 
wave, since with a continuous build-up process the region immediately 
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behind the detonation zone must be greatly depleted of chemical 
energy, and such a region, if thick enough, would act as a barrier 
to a detonation propagating back into the shocked material.  In 
the second theory however there is nothing to prevent a detonation 
developing in both directions at once. 

In general the first theory is founded on experiments with 
charges of small cross section and the second with charges of larger 
section. 

The programme, of which a part is described here, has two 
objects:  first, to resolve this difference, and second, either 
(i) to study the formation and transmission of the "heat pulse" or 
(ii) to demonstrate the dependance of the acceleration process 
(and hence the so called delay time) on the initial shock pressure. 

EXPERIMENTAL 

A novel feature of the explosive charges used in this work is 
that in most of the experiments the shock wave passes successively 
through a number of thin layers of explosive each separated from its 
neighbours by metal foil.  The purpose of this is twofold: 
The metal foil will prevent the flow of a "heat pulse" from layer 
to layer (3) and the entire assembly is an approximate but 
practical representation of a one-dimensional system in Lagrangian 
co-ordinates of mass and time (6).  It is appreciated that for the 
latter purpose the system has obvious limitations but it is most 
valuable as a first step. 

In future work it is intended to utilise measurements made of 
the movement of the interface between layers, since the particle 
velocity changes with pressure more than 3 times as rapidly as does 
wave front velocity.  As discussed later this has not yet been 
carried out. 

The basic test assembly is shown in figure 1.  The "donor 
charge" was an explosive lens designed to give a slightly concave 
wave form.  The "gap" always contained a large sheet of 16 g. mild 
steel which also acted as a shield to prevent the products of the 
donor charge obscuring the camera's view of the "receptor".   The 
"gap" was made up to the necessary thickness with laminated brass 
(for the smallest assemblies) or with sheets of card (for the 
larger charges). 

Three sizes of receptor charge were used: 
15 x 15 x 38 mm, 50 x 50 x 150 mm and 73 x 75 x 200 mm with "donor" 
charges to suit.  The "receptors" were usually made up as stacks 
of laminae each separated from its neighbours by sheets of brass 
foil O.O't mm.thick and with alternate layers coloured black.  The 
laminae were 2.3 mm thick for the smallest charges and 7*3 mm thick 
for the others.  On occasion solid charges were used, as some 
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qualitative information is more easily obtained with this type. 

All explosive components (with the exception of the smallest 
donor charges) were made from RDX/TNT Grade A, cast under a pressure 
of 100 p.s.i. and with controlled cooling of the moulds by hot 
water jackets.  Selected sections were cut from the casts and 
machined to size by standard methods.  To obtain a better surface 
each section of the laminated charges was hand scraped and tested 
on a surface plate.  The charges were assembled with the least 
possible amount of rubber cement and under some pressure. 

The smallest donor charges were machined from pressed tetryl 
pellets. 

The experiments were photographed using a Bcckman and Whitley 
l89 framingcamera at 1.2 x 10 6 and 5 x 105 f.p.s.  Kodak tri-X, 
developed normally, was used for the major part of the work but 
a few shots were taken in colour on Anscochrome for illustrative 
purposes.  Conventional synchronisation, argon flash bomb and 
blast shutter techniques were used throughout. 

The charges were photographed from the side-, with the optical 
axis at right angles to the motion of the shock front.  All 
measurements were made on the centre line of the side face. 

To the present time the quantitative study has been concentra- 
ted on the smallest (15 nun square section) size of charge.  Of these 
^6 have been fired, in 37 a detonation developed at distances from 
the "gap" varying from 10 mm to the full length of the charge 
(38 mm) and in 19 no detonation resulted. 

The shock front measurements for each film were first recorded 
as a space-time curve and the velocities at each point taken as 
the tangent to the curve.  The distance between the "gap" and the 
onset of detonation varied from shot to shot, the velocities were 
not therefore plotted against the distance from the "gap" but 
against the distance measured backwards from the point of transition 
from shock wave to,detonation (i.e. from where the air shock 
becomes lun.inous^toward the "gap").  The results may be grouped as 
a single relation (figure 2); as the velocities themselves are 
taken from smoothed curves the individual points are not marked but 
the braces indicate the spread of the data. 

DISCUSSION 

In previous work it had been found that a minimum shock pressure 
of 90 Kb was necessary to initiate RDX/TNT charges of 12.5 mm 
square cross section.  The wave front velocity was of the order 
of ^+000 mps.  Much lower initial velocities have now been observed 
in the 15 mm square section charges which ultimately detonated. 
The difference is not yet fully explicable but must be mainly due 
to the fact that the measurements now put forward were made on the 
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surface of the charge, the previously recorded data referring to the 
interior.  As the charge expands behind the shock front rarefaction 
waves move into the compressed material reducing the pressure and 
velocity and this reduction is immediately effective at the surface. 

This has so far prevented effective use of the surface particle 
velocity measurements but could be overcome if the way in which the 
expansion takes place were properly understood. 

A superficial examination of the photographs obtained so far 
shows a similarity to the expansion of material flowing through an 
orifice and subjected to the influence of the so called "simple" 
waves (Prandtl-Meyer expansion, ref. 6 but p 26? et seg).   However 
an exact analysis has not yet been attempted. 

On the first theory of transition, in which the shock is not 
reinforced until overtaken by the "heat pulse", a laminated charge 
of the type used in these experiments must either: (i) Detonate 
in the first layer, the detonation being quenched and reformed in 
each subsequent layer in the manner described by Cook (5) or (ii) 
fail, since if the heat pulse generated in the first layer does not 
overtake the shock wave in that layer it will be stopped by the 
metal foil;  the shock wave will be weaker in the second layer so the 
heat pulse in this layer will arise later than in the first and must 
suifer a similar fate.  Thus a laminated explosive/metal charge must 
detonate in the first layer or fail. 

With laminated charges of all cross sections described earlier 
it has always been possible to obtain a transition from shock to 
detonation when the shock wave had traversed most of the charge. 
This in itself is a strong argument against the "heat pulse". 

Three kinds of behaviour of the wave were found, according to 
the cross section of the charge used. 

1,  With charges of 15 mm square cross section there is a 
continuous acceleration from near" sonic speed to detonation.  The 
velocities in the individual shots vary considerably but all show 
an increase of the same form.  The minimum velocity possible cannot 
be below sonic, and assuming this to be about 3000 m.p.s. it can 
be seen from figure 2 that no less than 3i*%  of the acceleration 
occurs in the last 2.5 cm  before detonation, 20% in the 2.5 mn before 
that and 10% in the previous 2.5 mm.  This implies that nearly 
85!^ of the acceleration occurs in the last 7.5 "im before detonation 
and only about 15% in the 12.5 mm before that. 

It was not found possible to measure acceleration more than 
20 mm before detonation.   In those shots where the shock traversed 
more than 20 mm before detonation (7 out of the 56) the acceleration, 
if present, was too slight.  A further complication was that the 
concave wave shape generated by the donor charge rapidly inverted. 
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producing spurious effects which rendered measurements in the first 
few millimetres useless. 

In the region of gentle acceleration there is a slight change 
in the colour of the charge in that the yellow of the explosive 
becomes tinted with blue, in the region of rapid acceleration 
(the last three layers or so) there is a very marked colour change 
to deep brown.   It is probable that in both cases these changes 
are due to chemical reaction although in the first instance (light 
blue) it could be due to the air shock surrounding the expanding 
charge. 

In no case was "reverse detonation" observed.  This is 
presumably because the layer of explosive immediately behind the 
detonation is too devoid of chemical energy, having supported half 
the acceleration within 2.5 mm, 

2»       With charges of 75 mm cross section the initial shock is 
of 30OÜ m.p.s. velocity, which is probably very near sonic speed, 
there is no measurable acceleration and the detonation develops in 
both directions.  The velocity of the forward propagating 
detonation is initially above the accepted value of 7900 m.p.s. by 
as much as 500 m.p.s. but rapidly (within 20 mm) falls to the 
normal rate.  The reverse wave velocity is initially about 1000 
m.p.s. low and falls to a yet lower rate as the wave moves farther 
into the shocked region. 

3«  The most interesting phenomenon occurred with the 
intermediate size charges, i.e. of 50 mm square section.  The shock 
wave is initially of about sonic velocity and does not accelerate 
until 10 mm before the transition point.  When acceleration occurs 
it is limited to the centre of the wave (as seen en the side of the 
charge) which develops a thin, dark pre-detonation region followed 
by a detonation propagating, forward in the centre, sideways to the 
corners and then backwards in the corners only (fig. 3)«  This is 
exactly as if there were a short cylindrical region, in the 
charge centre and normal to the axis, in which the reverse detonation 
is inhibited.  This cylinder is of such a diameter (60 mm in this 
Instance) that it cuts into the faces of the square section charge, 
leaving the comers free. 

An alternative possibility is that there is a critical 
diameter below which the reverse detonation is prohibited.  But 
if the effective diameter is reduced asymetrically by removing 
two adjacent corners at the point where transition occurs,the 
reverse detonation is not inhibited altogether but restricted to 
the two remaining corners, (fig. 4). 

The most probable explanation is that the lateral rarefaction 
waves restrict the rapid acceleratxon to the central region. 
This will result in the wave distorting into an extremely convex 
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shape as transition occurs, with the result that the detonation 
can spread laterally into unreacted material.   If the charge has a 
much bigger section than the central accelerating "core" the latter 
will not be seen at the sides until it has spread into unreacted 
material and a detonation is propagating in both directions.  The 
velocities initially observed on the surface are easily explained 
by the geometry of such a system. 

Some confirmation has been provided by an experiment in which 
the detonation occurs Just before the end of a 30 mm square cross 
section charge.  The detonation is seen to emerge from the centre 
of the end face when the shock wave in the side face is still 10 mm 
from the end of the charge (fig. 5)«  A similar result has also 
been obtained by Sultanoff (7). 

The diameter of this accelerating "core" is, in an Ideal case 
with rectangular pulses, the diameter at which the converging 
lateral rarefaction waves meet the tail of the initial pulse and 
will therefore be a function of charge diameter, rarefaction velocity 
and initial pulse length.  Further work is needed to amplify this 
point. 
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ILLUSTRATION 

A 16 mm film has been printed from the original high speed 
camera records of the experiments described. 
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DETERMINATION OF THE SHOCK PRESSURE 
REQUIRED TO INITIATE DETONATION OF AN ACCEPTOR 

IN THE SHOCK SENSITIVITY TEST 

I. Jaffe, R. Beauregard, A. Amster 
U. S. Naval Ordnance Laboratory 

Sliver Spring, Maryland 

ABSTRACT:  The attenuation of the velocity of a shock 
wave was measured In Luclte under conditions similar to 
those of the shock sensitivity test.  Two systems, one 
based upon the reaction of pressure probes to the pressure 
pulse of the shock wave and the other a smear camera, were 
used to record the events.  The reliability of the pressure 
probe In recording the events was comparable to the smear 
camera record of the shock for the first three Inches of 
Luclte after which the response of the pressure probes 
lagged behind the camera record.  With the aid of the smear 
camera, additional data were calculated for Luclte In the 
low pressure region (4-5 kbar) by measuring the shock 
velocity In Luclte and water.  These data were used to 
extend the equation of state for Luclte to the region 
applicable to this Investigation. 

The shock pressure In Luclte was calculated as a 
function of the Luclte length from the velocity obtained 
experimentally and the equation of state for Luclte. This 
was compared to the length of the gap in the shock sensi- 
tivity tests to obtain an approximate value of the pressure 
required for the Initiation to detonation of various ex- 
plosives. 

I.  Introduction 

Shock sensitivity tests for explosives. In which the 
sensitivity of an explosive Is measured by Interposing a 
gap of some Inert material between a high explosive donor 
and the explosive under test, have been in use for a 
number of years.  The sensitivity of the explosives were 
rated on a.n arbitrary gap scale peculiar to the conditions 
of the test and the Inert material used for the gap. This 
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Investigation was made to interpret the shock sensitivity 
test results in terms of shock pressure required to 
initiate the explosive.  In effect, the gap distance was 
calibrated. 

The present work was carried out on Lucite rods, 
since it was determined cellulose acetate (used in forming 
the gap) and Lucite were similar shock attenuators.  The 
investigation consisted of extending the equation of state 
data of Lucite to the lower pressures in the gap and of 
using the data obtained to relate pressure and gap thick- 
ness for the conditions under which the gap tests are made. 

The equation of state data were obtained by initi- 
ating a shock with two cylindrical tetryl pellets (each 2 
inches dia. x 1 inch thick) and measuring the shock veloci- 
ty as a function of distance in Lucite rods and in water 
(the equation of state of which is known) as it progresses 
from the Lucite to the water.  Using the customary approxi- 
mation at the Lucite-water interface, the pressure and 
particle velocity in Lucite before the interface may be 
obtained. 

II. Experimental Methods 

The attenuation of the shock velocity in Lucite was 
determined by two different experimental techniques. One 
was based upon recording the passage of a pressure pulse 
by an electronic system, and the other used high speed 
photography to follow the shock front.  This latter tech- 
nique was used to obtain additional data to determine a 
more accurate curve for the equation of state of Lucite. 

A.  Electronic Method Used to Measure Shock Velocity 

Figure I is a schematic drawing of the experi- 
mental assembly used to measure the attenuation of a shock 
wave in a Lucite rod.  A donor, consisting of two tetryl 
pellets, was initiated by a Selsmo* detonator. The deto- 
nation wave developed in the tetryl becomes a shock wave 
in the Lucite rod.  The progress of the shock wave was 
followed by a series of pressure probes carefully placed 
in the assembly.  The pressure pulse impinged on a copper 
tube 0,03^ inches away from a copper wire.  When the 
copper tube made contact with the copper wire, a circuit 
was closed and an impulse was transmitted to an oscillo- 
scope (Tektronic No. 535).     A Polaroid camera was used to 
make permanent records of the oscillograph tracings. 

♦ Detonators were obtained from Olin Mathleson 
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A series of holes 0.053 Inches In diameter were care- 
fully made at specified Intervals In a Luclte rod. The 
pressure probes were Inserted and the necessary leads were 
soldered to the probes.  The tetryl pellets were securely 
taped to the Luclte rod. An lonlzatlon probe was Inserted 
between the two tetryl pellets, and at the tetryl-Luclte 
Interface.  The entire ensemble was placed In the bombproof 
chamber where the leads were connected to the oscilloscope 
leads and the detonator put In place. Meanwhile a series 
of calibrated time marks was obtained on the oscilloscope 
by using a Tektronlc No. l8l Time-Mark Generator.  The 
time scale was recorded on the film Just prior to the ex- 
periment. 

The oscilloscope was triggered by the lonlzatlon 
probe placed between the two tetryl pellets. By beginning 
the oscilloscope sweep prior to the arrival of the detona- 
tion at the tetryl-Luclte interface, a much more definitive 
and precise measurement was obtained of the time of arrival 
of the shock in the Luclte.  The arrival of the reactive 
shock at the tetryl-Luclte interface was recorded by the 
second lonlzatlon probe.  The further progress of the 
shock wave down the Luclte rod was followed by the pressure 
probes.  A more comprehensive discussion of the pressure 
probe and the electronic system used is given elsewhere 
(1,4). 

The system contained a donor made up of two tetryl 
pellets, identical to those used in the shock sensitivity 
test at the laboratory. Cellulose acetate cards, 0.01 
Inches thick by 2 inches in diameter were used to build 
gaps less than one-half inch thick.  For larger gaps, 
Luclte discs, one-half inch and 1 inch thick were used 
with the cellulose acetate cards to build the required 
gap.  A number of charges were prepared in the exact 
manner used for the shock sensitivity tests and lonlzatlon 
probes were placed at designated positions in the Lucite- 
cellulose acetate gap.  The gap was prepared by stacking 
the cards and discs in units one to two inches high. Each 
unit was compressed to form a compact pile and a hole was 
drilled in it for a pressure probe.  The attenuation of 
the shock velocity was measured at 0.5» 1.0 and 1.5 inches 
and compares with the shock.velocity measured in the 
Lucite rod. 

B.  High Speed Photography 

The objects of this experiment were three-fold; 

1) to measure the attenuation of the shock wave 
In Luclte by an alternate method; 
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2) to determine the reliaolllty of the measure- 
ments made by the pressure probes; and 

,5) to obtain data which will define more precisely 
the equation of state of Luclte for the lower shock 
pressures. 

Figure II Is a schematic drawing which shows the 
arrangement of the various components.  The Luclte rod was 
machined from a bar 2 Inches x 2 1/4 Inches In cross 
section to a rod approximately 2 1/16 Inches In diameter 
with two parallel flat surfaces 2 Inches apart and 5/8 
Inches wide.  These parallel flats eliminated distortion 
of the light by the curved surfaces as the light passed 
through the Luclte rod.  Pressure probes were Inserted at 
designated points In the usual manner.  The rod was sup- 
ported vertically with Its end submerged approximately 1/4 
Inch below the surface of the water contained In a small 
trough,  A Luclte blast shield of known thickness was 
placed on top of the Luclte rod to prevent the products, 
resulting from the detonation of the tetryl pellets, from 
obscuring the view of the camera.  Above this shield were 
placed the tv.o tetryl pellets and the detonator. The 
lonlzatlon probe used to trigger the camera and the oscillo- 
scopes was placed at the tetryl-Luclte Interface, 

To record the reaction two oscilloscopes, a 
Tektronlc No. 555 and a raster oscilloscope were used In 
conjunction with the smear camera. A spark was arranged 
to go off at the end of the reaction to provide a common 
point, on both the oscilloscope and the camera records, 
from which the time Intervals could be measured and com- 
pared.  The Illumination for the camera was obtained from 
an exploding wire set behind the Luclte rod.  Four experi- 
ments were performed, two using foizr-inch long Luclte rods 
and two using three-inch long Luclte rods. 

III. Results 

Figure III is a typical record of the attenuation of 
a shock wave measured by the pressure probes In a Luclte 
rod using the sweep oscilloscope.  The time scale Is 1 yiaec 
per division, and can be read to ± 0,5 M-sec,  The alternate 
positive and negative response of the pressure probes, as 
they were activated, made it possible to determine the 
position of any malfunctioning probe. Table I contains 
the results of the experiments performed using two tetryl 
pellets with the Luclte rods and the gap card units. 

Of the four experiments (Expt. #5,6,7 and 8) made 
using the electronic system and the smear camera, only two 
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TABLE  I 

ATTENUATION OF SHOCK IN A LÜCITE ROD  (Pressure Probe) 

(Two Tetryl Pellets) 

Distance of 
Probe 

TnT nun. 
Time   (Microseconds) Mean    i 

£xpt.#i    Expt.#2    Expt.#5    Expt.#4    mlcrosec; 

5.2 

8.6 

12.0 

16.1 

20.5 

25.1 

29.7 

53.7 

6.0 

9.6 

13.5 

17.8 

26.5 

31.0 

37.0 

2.5 

5.5 

9.2 

12.8 

17.0 

21.1 

25.2 

29.6 

33.7 

3.0 

6.2 

9.5 

17.^ 

21.4 

26.0 

31.1 

35.5 

2.8 

5.7 

9.2 

12.8 

17.1 

21.0 

25.7 

30.4 

35.0 

ATTENUATION OP SHOCK IN GAP UNITS 

0.53 13.4 2.7 75 - 0.01 In. acetate 
cards 

1.00 25.4 6.1 6.0 1/2 in. Luclte disc and 
75 - 0.01 In. cards 

1.50 38.2 9.5 9.5 1 In. Luclte disc and 
75 - 0.01 In. cards 
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could be used for comparison between the two systems.  In 
experiment #7 the fiducial point was not obtained while in 
experiment #8 the electronic system did not respond satis- 
factorily. Figure IV shows the records obtained from the 
smear camera. 

The time scale on the raster oscilloscope was 0.1 
microseconds per division and could be read to - 0.02 
microseconds. The time scale for the photographic records 
was 1.26 mm per microsecond and could be read with a 
microcomparator to better than i  0.02 microsecond.  The 
magnification factor for the camera was determined for 
each experiment by measuring the distance between the 
probes on the film and relating this to the actual distance 
between probes.  The same magnification factor was used to 
interpret distance for the shock wave in the water. 

Table II contains the results obtained by the smear 
camera, measured from the fiducial point (spark). 

IV.  Discussion 

In the hydrodynamic theory of shock waves, the con- 
servation of momentum requires that 

P - /»o uU (1) 

where the initial pressure (P0) and particle velocity (u0) 
are assumed to be zero and where 

P  • shock pressure 

0O  » initial density of the material 

u  ■ particle velocity 

U ■ shock velocity. 

In order to obtain the pressure at any point in a 
shocked homogeneous medium, it Is necessary to measure 
the shock velocity and the particle velocity.  However, 
if a set of data corresponding to equation (1) is known, 
i.e. the equation of state of the medium is known, a 
measurement of U vs the attenuation path length (X) for 
the test geometry can be combined with the known data to 
give a P - X curve.  Since It was desired to use the 
pressure probes to obtain the U - X data, their adequacy 
for such measurements was Investigated. 
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TABLE II 

RESULTS OP EXPERIMENTS #5 AND #6 USING THE CAMERA 
RASTER AND SWEEP OSCILLOSCOPE 

Expt.  #5 
Probe Distance Dis tance  from Spark 

No. ^"rotn Donor Sweep Raster Camera C   -  S C   -  R 
(mm) Scope Scope 

S(p.8ec) R(M.sec) C(^8ec) (tisec) (tisec, 

1 4.2 47.43 47.72 48.0 + 0.6 + 0.3 
2 12.0 45.73 46.08 46.31 0.6 0.2 

I 22.1 43.37 43.65 43.90 0.5 0.3 
34.6 40.27 40.36 40.48 0.2 0.1 

5 47.4 36.59 36.59 36.89 0.3 0.3 
6 60.1 31.97 32.14 32.66 0.7 0.5 

I 72.7 
85.3 

28.27 28.24 28.80 0.5 0.6 
23.29 23.38 24.42 1.1 1.0 

Spark 

Expt. #6 

1 4.2 
2 12.0 

I 22.1 
34.6 

5 47.4 
6 60.1 
7 72.7 

85.3 8 

Spark 

•46.52 
45.12 
42.32 
39.25 

I 35.34 I _ 
! 26.70 
' 22.50 

47.01 
45.56 
42.77 
39.61 
35.68 

27.01 
22.74 

44.97 
42.77 
39.61 
35.75 
31.74 
27.71 
23.56 

0.1 
0.4 
0.4 
0.4 

0.9 
1.1 

0.6 
0.0 
0.0 
0.1 

0.6 
0.8 
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A.  Pressure Probe Reliability 

The construction of the pressure probe causes a 
time lag between the arrival of tne shock and its record- 
ing. The distance between the bare copper wire and the 
outer copper tube is approximately 0.053  inches.  To 
record the shock, the copper must travel this distance to 
make contact with the Inner core.  Moreover, the time lag 
should increase as the shock pressure and velocity decrease 
and the response of the pressure probes should fall further 
behind as the shock is attenuated.  In Table II a compari- 
son is made between data from the smear camera and the 
sweep oscilloscope (Col. 6) and between the smear camera 
and the raster oscilloscope (Col. 7).  In all but one 
instance the camera did record the process before the 
electronic systems did. However, with the exception of 
probes #7 and ;f8,  placed at a distance of 72.7 and 85.3 mm 
from the donor, the time lag was, on the whole, less than 
0.5 microseconds.  The sweep oscilloscope data were 
slightly higher, 0.6 microseconds. 

Thus, the pressure probe may be used to Interpret the 
shock velocity for the initial three Inches of Luclte with 
fair accuracy and reliability.  Beyond this, as the shock 
wave becomes more attenuated, the time lag increases.  At 
its worst (four inches of Luclte) the divergence of the 
probe results from the optical results does not exceed 6$. 
The sensitivity of most propellants and explosives tested 
lie below the three inch limit.  Consequently, the 
pressure probe measurements can be considered fairly 
adequate for this work. 

B.  Velocity vs Distance for Luclte 

The results of the experiments are plotted in 
Figures V and VI.  The data obtained with the pressure 
probes are plotted In Figure V.  The precision of these 
measurements varied from a standard deviation of - 2.^ 
to 436.  This precision includes any variation due to the 
probe, the position of the probe, or any variation of the 
Luclte or the tetryl booster.  Included in this plot is 
the data obtained by the pressure probes placed in the gap 
material (see above.  It Is quite apparent that for the 
distances measured the cellulose acetate and Luclte 
systems are comparable. 

In Figure VI, a comparison is made between the 
data obtained with the camera and the pressure probes. 
The lag of the pressure data behind the data recorded by 
the smear camera is quite evident after the shock was 
attenuated by traveling through three Inches of Luclte. 
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C.  Pressure vs Distance for Luclte 

In Figure VII the particle velocity was plotted 
as a function of the shock velocity from the experimental 
data obtained on Luclte (5)* Plexiglass (6) and Perspex 
(7).  These substances are quite similar In characteristics 
and It Is assumed that their properties In the shock region 
do not differ from each other.  However, the lowest shock 
strength obtained experimentally Is at the upper end of the 
region critical to this Investigation. Most shock sensi- 
tivity results on explosives are within the gap range of 
50 to 65 mm and the maximum transmitted shock velocity 
obtained by the two tetryl pellets Is about 4.6 mm per 
microsecond.  The extrapolation to u - 0 Is difficult 
since the shock pressure Is obtained as a product of the 
particle and shock velocities. 

The approximate shock pressures were obtained 
from the usual boundary approximations (8,9)* 

^L " ^H20 ifoV^O  *ifoV)L (2) 

^L 

where 

particle velocity In Luclte 

^HpO" particle velocity In HgO 

f0  - density of Luclte or water 

U  - shock velocity In Luclte or water 

In conjunction with the experimental data obtained for the 
shock velocity In Luclte and water, and the particle 
velocity for water obtained from the literature (10).  The 
calculated particle velocity for Luclte In Eqn. (l) yields 
the corresponding shock pressure. 

Figure VIII Is a typical plot of the results 
(Table II) obtained by the smear camera.  The shock veloci- 
ties for both Luclte and water are determined at the Inter- 
section of the respective curves which corresponds to the 
Luclte-water Interface.  Table III contains the measured 
shock velocities and the corresponding particle velocities 
calculated by Eqn. (2).  Using these points for the lower 
pressure region and the other data already available In 
the higher pressure region a straight line was drawn 
through all the data.  This curve (Fig. VII) was extrapo- 
lated to U - 2.59 mm per microsecond at p. - 0; the 
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extrapolated value Is approximately equal to the hydro- 
dynamic sound velocity calculated as 2.44 mm per micro- 
second. 

All the data required to develop a pressure- 
distance curve (P vs X) are available.  From experiments 
5 thru 8 a U - X curve (ahock velocity vs distance. Pig. VI) 
was obtained for the specified geometry.  In addition these 
experiments provided the data (Table III) required to 
calculate and complete the U - u curve (shock velocity vs 
particle velocity. Fig. VII). Using these two curves and 
Eqn. (1) (P « y^Uu) It Is possible to calculate P - X 
(pressure vs distance. Table IV) and obtain the curve In 
Figure IX In which the pressure appears to vary expo- 
nentially with the distance. Figure X Is a plot of log P 
vs X and may be approximated by the equation 

105e 
-0.0358X 

(3) 

These curves will allow direct interpretation of gap 
length In terms of shock pressure obtained at the end of 
the Luclte gap.  While this pressure Is somewhat higher 
than the pressure entering the acceptor because of the 

TABLE III 

SHOCK VELOCITY IN LUCITE AND H20, OPTICAL DATA 

UT u. UL(calc) Conversion    L     "i^O    ^I^O 
Expt.No.  Factor**  mm/p-sec  mm/p-sec  mm/Vsec  mm/^sec 

5 4.043 2.701 1.840 0.162 0.128 

6 4.2?^ 2.744 1.817 0.160 0.125 

7 2.938 2.990 2.1^0 0.312 0.250 

8 2.911 2.952 2.069 0.281 0.224 

•♦ The conversion factor contains both the magnification 
factor and time factor. 
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Impedance mismatch between the donor and acceptor. It is 
hoped that this scale of P vs X will offer additional 
guidance In the ser.altlvlty work. This Is especially so 
since the impedance of Luclte Is so near the range found 
for most explosives. The pressures required to Initiate 
the explosives TNT (M.5 kbar). Composition B (19 lebar) 
and tetryl (10 kbar) have been Indicated In Figure IX. 

TABLE IV 

CALCULATED PRESSURE AND DISTANCE DATA FOR LUCITE 

Distance Pressure 
mm Kbar 

5 75.^7 
10 66.08 
20 50.95 
30 36.83 
40 ?6.31 
50 18.29 
60 12.44 
70 8.51 
80 6.06 
90 4.35 
100 2.89 
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A COMPUTATIONAL TREATMENT OF THE TRANSITION 
FROM DEFLAGRATION TO DETONATION IN SOLIDS 

C. T. Zovko and A. Maceic 
U. S. Naval Ordnance Laboratory 

Sliver Spring, Maryland 

ABSTRACT:  Experimental results of the study of 
spontaneous transition from deflagration to detonation at 
the Naval Ordnance Laboratory Indicate that the approach 
to the problem can be In two stages; the first 1B the 
formation of a shock from pressure waves engendered by a 
confined deflagration, and the second the shock-lnltlatlon 
of detonation.  Since a preliminary analytical treatment 
of the first stage, reported previously, led to promising 
results, a more extensive IBM-704 program has now been 
undertaken.  Two numerical codes have been tested, a pre- 
viously developed one based on the so-called "q-method" 
and a special one written for this program which avoids 
amplitude fluctuations inherent in "tHe"'"q-method" and thus 
gives a more realistic representation of a shock wave. 
Representations of spontaneous shock formation obtained by 
the two numerical codes and by the analytical treatment 
are discussed and compared.^ The numerical methods yield 
the temperature as a function of time and location during 
growth of the shock and thus allow a study of simple 
chemical kinetic models.  Introduction of chemical ki- 
netics into the program gives a basis for elucidation of 
the second stage of the transition problem, namely shock- 
Initiation of detonation. 

While the phenomena of deflagration (slow, pressure- 
dependent burning) and detonation are reasonably well 
understood, spontaneous transition from one regime to the 
other is still in early exploratory stages, and It Is one 
of the major unsolved problems In explosives technology. 
Gross experimental features of the phenomenon have emerged 
only recently (1,2,^,4,5).  It appears that the onset of 
detonation In condensed explosives is preceded by a rela- 
tively long (up to 80 M-sec) Interval of rapid burning 
which propagates at a fraction {1/10  to 1/5) of the steady 
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state detonation velocity.  There Is also evidence that the 
actual transition from rapid burning (sometimes termed "low 
order detonation") to steady state detonation takes place 
rapidly (within several microseconds) at a plane some 
distance ahead of the burning front. 

The evidence thus far Is consistent with the hypothesis 
that the onset of detonation Is due to a shock wave which 
arises spontaneously as a result of deflagration, and which 
Initiates detonation In unburnt explosive.  The hypothesis 
was subjected to quantitative scrutiny at this Laboratory; 
In addition to experiments mentioned above, a preliminary 
theoretical treatment was carried out (6) by means of the 
following model:* 

A thermally Initiated (slow) laminar flame 
progresses into a homogeneous solid explosive charge. 
Pressure of the hot products, because of rigid con- 
finement, increases steeply and, in consequence, 
sends compression waves into unburnt explosive. 

On this basis it was shown that compression waves thus 
formed coalesce into a shock wave within 10-15 cm from the 
region of thermal Initiation.  Since, experimentally, the 
typical pre-detonation distance is in the same range (6-14 
cm), it appears reasonable to "suppose that the theoreti- 
cally computed shock is the direct cause of detonation. 

While the analytical methods thus give promising re- 
sults. It is very desirable to extend the treatment in two 
ways:  first, by repeating the computation using different 
equation of state parameters and different shock-generating 
pressure pulses; and second, by calculating the energy (or 
temperature) as a function of time and distance.  The 
latter computation can then. In principle, be used to study 
the chemical kinetics of the explosive reaction during 
build-up and thus elucidate the transition phenomenon. 
Such an extension clearly calls for machine computation. 
Tnis report gives an Introduction to the computational 
program which is now in progress. 

The report consists of four parts.  The first part 
describes the scope of the program treated sc far and the 
equation of state used.  The second and third parts de- 
scribe two different numerical codes for the IBM-704 com- 
puter and compare the results, from these codes with the 
previously obtained analytic results.  The fourth part 
describes the shock formation, chemical kinetics and shock 
initiation. 

• Reference 6 gives the conceptual and analytical basis of 
the computational work described below, and It will be 
frequently referred to in the subsequent pages. 
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SCOPE OF THE PROBLEM 

A. Hydrodynatnlcs 

As has been stated above, the approach to the 
problem of transition to detonation at the Naval Ordnance 
Laboratory has been via two stages. The first one Is 
formation of a shock from pressure waves engendered by a 
confined deflagration.  The second one Is shock-lnltlatlon 
of detonation. 

The shock formation problem is programmed In the 
following way:  The difference equations for conservation 
of mass, momentum and energy are written down as applied 
to a one-dlmenslonal flow problem.  The explosive charge, 
which obeys an equation of state described below. Is 
divided Into N zones (0<N<500).  At time t-0 the pressure 
throughout the charge Is fixed at a low but finite value 
(P(t=o7 ■ 0.08 kbar).  At subsequent times, the near bounda- 
ry Is subjected to prescribed pressures Increasing with 
time.  The result Is that compression waves of Increasing 
amplitudes travel forward from the near boundary. 

For a realistic description of the transition 
process the pressure at the near boundary must simulate 
the backing pressure rise In a confined deflagration.  In 
such a case the theoretical relationship between P and t, 
derived In Ref, 6, Is given by 

■I! 
.kt 

dp - m 
P0 FftTpF '   ll) 

where K and A are constants; at low pressures this Is 
sufficiently well approximated by the exponential P-P0e

k 

where P0 (i.e. pressure at t=0) and k are experimental 
parameters.  The exponential form, which was used previous- 
ly In the analytical treatment. Is used also In the machine 
computations. However, an Indefinitely long exponential 
pressure Increase would be unrealistic, because it would 
lead to unreasonably high pressures as well as to extremely 
high values of dP/dt.  In reality, such a situation does 
not occur; rather, the pressure will increase until the 
confinement is broken and then decrease.  As a crude 
simulation of such behavior the pressure in the computation 
is allowed to increase exponentially until about 10 micro- 
seconds after the estimated bursting pressure of the steel 
casing has been attained; thereafter, the pressure is 
assumed constant.  The last stipulation may be at least 
partly Justified if one assumes that the actual pressure 
decrease is relatively slow; it appears rather more 
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realistic than the other extreme, namely a discontinuous 
pressure drop to zero, which would cause too rapid a rear- 
rarefaction to set In.  Thus the assumed near boundary 
condition Is 

P - P0e 
kt 

max 

t * t(Pmax) 

* * t(Pmax) 

Hydrodynamlcally, the problem of coalescence of com- 
pression waves Into a shock can be divided In two parts. 
In the first part the compression Is Isentroplc and the 
flow la simple.  The compression energy is Es and the 
temperature attained, Ta, is given by TB - T0 - f2L , where 

Cv Is heat capacity of the explosive and T0 the ambient 
temperature. This part was treated analytically In Ref. 6 
by the method of characteristics.  The method. In fact. Is 
valid only for such simple flow (I.e. no shocks); It does 
not give a basis for further calculation; In particular. 
It cannot show where and when the shock becomes strong 
enough to Initiate detonation. 

The second part of the problem starts with the overlap 
of simple waves.  The flow then ceases to be simple and 
there is an increase of entropy across the compression wave. 
As P and dP/dt at the near boundary Increase, shock com- 
pression conditions, described by the Rankine-Hugonlot 
relations, may ultimately be reached at the front of the 
disturbance.  Since the most important part of the problem 
is expected to be the region of shock formation. I.e. 
region intermediate between simple flow and shock condi- 
tions, a parameter £ , which measures the extent of shock 
nature is hereby defined such that 

0 < C = 
E - E] 
EH- E] 

< (2) 

Here E, Ej and EH 
shock (Hugonlot) c 
corresponding to a 
isentroplc (4S=0) 

AS 

nature).  The two 
thus characterized 
upper limit of the 
grown shock. 

are actual (computed), Isentroplc and 
ompresslon energies respectively, 
given pressure.  (Since simple flow Is 
an alternative parameter, 0 < f' * 

< 1, could be defined to measure the extent of shock 

parts of the hydrodynamlc problem are 
by £ »0 and <J" > 0 respectively; the 
parameter, <£ » 1, corresponds to a full 
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While In a condensed medium the difference, for a 
given pressure, in energy (and consequently In temperature) 
between the two modes of compression characterized by the 
extreme values of f will not be large, the difference in 
chemical reaction rates should be quite considerable and 
may mean a difference between failure and Initiation of 
detonation.  Hence It is convenient that, in addition to 
pressure, another parameter specifying the energy be known. 

f  has been chosen because it gives a direct indication 
of deviation from simple flow conditions. 

B. Equation of State 

A generalized Talt equation of state has been 
chosen to represent the solid explosive 

(P + B) V - (P0 + B) V0 - (<y - 1) (E - E0)   (3) 

With appropriate values of the constants B, and 7, the 
equation gives a remarkably realistic representation of 
the compression of solid explosives over a wide range of 
pressures*.  Combined with the isentropic condition, 

dE - -PdV, (4) 

the equation reduces to the form used in Ref. 6 (which does 
not Include the energy): 

Explicit equations relating the various properties for 
isentropic compression and for shock compression on the 
basis of Eqn. 3 are collected in Table I. 

The arbitrary parameters chosen in Ref, 6 were B - 
105 kbar, 7 - ^.  The choice deserves a comment. 

If Eqn. (.5) is to be fitted to a set of data in a 
certain range of pressures, the constants B and y  can, in 
general, be assigned any convenient values.  If, however, 
the lower limit of the range is P = o, by virtue of the 
relation 

IÄ ' I'W * *). (6) 

* The authors are indebted to Dr. S. J. Jacobs for having 
pointed out the promising possibilities of this extreme- 
ly simple equation. 
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the value of B Is fixed by 
2 

o 
B-vr (6«) 

This la certainly the case In the shock formation problem, 
where in the early stages of shock growth, the pressure is 
quite low. The value B - 105 kbar used in Ref, 6 corres- 
ponds to an initial sonic velocity C0 - 2,56 mm/pisec, 
which Is an average of the range of 2.25 - 2,85 mm/p-sec 
found by Majowlcz (7) for a series of explosives.  Thus 
the value of this parameter Is realistic. 

There Is no doubt that the value of -y « 3, used In 
Ref 6 (and by some earlier workers), is too low, because 
it gives an unreallstically high compressibility.  The 
reason why the value has been used at all Is twofold. 
First, It is a carry-over from calculations of high 
pressure gases, such as detonation products, in which the 
Eqn. 3 with B « 0 and Y* 3 gives reasonable results. 
Second, and perhaps more important, the choice of f " 3 
lends convenient tractablllty to hydrodynamic equations. 
In particular. It allows the boundary path In the shock 
formation problem to be evaluated In closed form (see Ref. 
8); this would be Impossible for any value 7 >3 (and 
probably for most non-integral values). 

Figure 1 shows a comparison of the computed P - V 
relation for two different sets of parameters B and 7 as 
well as experimental data of Majowlcz and Jacobs (9). The 
high compressibility of a hypothetic material for which 
•y - 3 Is evident.  The value of «y = ^.5* on the other hand 
(combined with B » 100 kbar) Is very realistic, and it is 
the current choice for the machine computations. However, 
since the analytical treatment exists (Ref. 6) In which 
the first set of values was used (Y - 3, B - 105)# the 
preliminary computations discussed below, were run with 
this set of parameters for the sake of comparison. 

. The sonic velocity, corresponding to B ■ 100 kbar, is 
2.5 mm/M.sec, a most reasonable value. 

NUMERICAL SOLUTION OF HYDRODYNAMIC PROBLEMS (GENERAL) 

The general hydrodynamic problem is a solution of the 
equations of motion, state and energy release subject to 
appropriate boundary conditions. The equations of motion 
for a one dimensional case are 

o        ^ü ■ - «2.  (conservation of momentum)   (7) 
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Curves for Unreactive Explosives 
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5f 

and    p0   |V 

St 

öu 

' ? dF ' 0 (conservatlon of energy 

(8) 

(conservation of masB), (9)t 

where 

relation 

t ■ time                                                                          , 

p0 - Initial density 

u « particle velocity 

P ■ pressure 

E - specific Internal energy 

Q ■ heat added per unit mass (from chemical 
reaction) 

V ■ specific volume 

X ■ distance 

x = Lagrange coordinate defined by the 

dX(x,t)     m 
a x 

The equation of state Is 

P  -  * (E,V) 

P0  V(x,t) . 

(10) 

The equation of chemical energy release Is 

£%    = R(Q,E,V) (11) 

One way to obtain a solution Is by numerical 
techniques.  This consists of dividing the Lagrange space 
coordinate (x) Into a number of equal zones and approxima- 
ting the differentials In equations 7,  8,   9  and 11 by 
finite difference ratios. In the difference equations, 
the dependent variables are usually specified at the 
interfaces between the zones or at the centers of the 
zones. 
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The boundary conditions must specify the values of 
the dependent variables for all values of the Lagranglan 
space coordinate (x) at time zero and for the end points 
(x = 0 and x - xmaiX)  at all times. Once the boundary 
conditions are specified the difference equations can then 
be solved to obtain the values of the variables at the 
interior points. 

Most differencing schemes have the limitation that 
they cannot handle discontinuities.  The equations of 
motion (Eqns. 7, 8 and 9) admit discontinuous solutions; 
in fact, the discontinuities are the most interesting 
parts of the solutions. 'Two methods of overcoming this 
difficulty will be discussed in the next section. 

The time increment (At)  used cannot be chosen arbi- 
trarily.  A stability analysis (Ref. 10) of the problem 
will yield a maximum value of  A t  with which reasonable 
results can be obtained.  Stability analysis is an analy- 
sis of the history of an arbitrarily Introduced error. 
Usually a critical value of 4 t will be determined such 
that if 4 t were to be made larger than this critical value, 
the error will Increase, if 4 t were to be made smaller 
than this critical value, the error will decreaBe and if 
A t Is  made equal to this critical value the error will 
remain constant. 

TWO SPECIFIC METHODS OF OBTAINING NUMERICAL SOLUTIONS TO 
HYDRODYNAMIC PROBLEMS 

Two methods of handling discontinuities will be dis- 
cussed in this section.  They are the Richtmyer-von Neumann 
"q" method (Ref. 11) and the Lax method (Ref. 12). In 
both methods discontinuities are approximated by steep but 
finite slopes. 

The "q" method eliminates discontinuities by the in- 
clusion of an artificial dissipative term.  Physically it 
can be considered as a one-dimensional viscosity. This 
dissipative term "q" is defined by the equation 

(K4x)2     du öu 
ax (12) 
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where K4x - arbitrary constant.* K4 x Is approxi- 
mately 1/^ the distance over which the shock Is spread. 

The term "q" Is added to the pressure (P) and Eqns. 
(7) and (8) became respectively, 

'o ft " - At  (f * 0) and (13) 

H - H * <p ^) U ■ 0 ■   w 
Equation (9), which does not contain pressure. Is unchanged. 

The resultant set of equations (Eqns. (9), (10), (11), 
(13) and (14) do not have discontinuous solutions. The 
solutions of the modified equations and the original 
equations are very nearly the same except In regions where 
the solution of the original equations would have a dis- 
continuity. Equations (9), (10), (11), (15) and (14) 
approximate the discontinuity by a smooth but steep curve. 

The Hugonlot relation across a shock, 

Ef - Ei • |  (Pi + Pf) (Vi - Vf)  ,    (15) 

Is not affected by the Inclusion of q. 

Thus the "q" method Is successful In that It elimi- 
nates discontinuities and gives a good approximation to the 
true solution In every aspect except details of the shock. 

A computer (IBM 704) program which utilizes the "q" 
method and a second order differencing scheme was con- 
structed at the Naval Ordnance Laboratory by W. Walker. 
Some results fr-om this code will be discussed In the next 
section. 

Another method for handling the problem of disconti- 
nuities was devised by Lax (Ref. 12).  While the "q" 
method Involves a quasi-physical concept and a modifica- 
tion of the equations of motion, the Lax method does 
neither.  Rather, It handles discontinuities by the nature 
of Its unusual differencing scheme.  The Lax scheme 

Considering the arbitrary constant as the product of K 
and 4 x is superfluous at this stage of the discussion. 
However, when the differential equations are replaced 
by finite difference equations the 4 x mentioned above 
and the 4 x used as the increment of the independent 
variable are identical.  Kis a dimensionless constant 
usually near unity. 
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requires that all of the differential equations be In 
perfect differential form, l.e, 

k   ST     '     Z7     * (16) 

where A Is a constant. This differential equation Is then 
differenced In the following way 

i     t       t (17) 
24 x  x x+a x    x-A x' 

In so-called normal regions where  ^. Is small, 
dx2 

|(Yx+.x 
+Yx-ax) ~  < •       (18) 

In this case the Lax difference scheme approaches an 
ordinary forward difference scheme. Therefore, in normal 
regions, the solution obtained by the Lax scheme approaches 
the analytic solution. 

In regions where __¥ Is high (at shocks) Eqn. (18) 
dx2 

Is not valid and the Lax scheme comes Into effect.  It 
causes any discontinuities (or other extreme changes) to 
be replaced by a steep but smooth change. 

As mentioned earlier, the equations of motion must be 
in perfect differential form If the Lax scheme is to be 
used.  The equations of conservation of mass (Eqn, (9)) 
and momentum (Eqn. (7) and the equation of chemical energy 
release (Eqn. (11)) are already in perfect differential 
form.  A fourth, independent, perfect differential equa- 
tion must be constructed.  This can be done by multiplying 
Eqn. (7) by u, Eqn. (8) by p0  and Eqn. (9) by -P and 
adding the results 

po   [ u   dt       at fft St     SF ^ 
(19) 

„ öp  p au 
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Simplifying; 

p0      ^     (1 u2 * E - Q) - -A  (Pu) (20) 

One of the results of this task Is a computer (IBM 
704) program to solve hydrodynaralc problems by the Lax 
method.  Appendix I gives a description of this program. 

Comparison of Analytic, "q" and Lax Methods 

The general hydrodynamlc problem solved numerically 
by the "qw and Lax methods as described above, will now be 
compared to the previously obtained analytic solution (6). 
The same equation of state and boundary conditions were 
used in all three calculations.  Equation (5) was used as 
the equation of state.  It was assumed that no reaction 
took place so Q(x,t) was set equal to zero. 

The following boundary conditions were used In all. 
three calculations 

for t — 60 n-sec; 

for t ^ 60 p-sec; 

F (o,t)      - P(0,0)  ekt 

k ■     .1 M-sec"1 

p (0,t)       - P(0,60) 

P (xraax,t)" P(0,0) 

P (x,0)       =» P(0,0) 

u (x,0)       = 0 

P (0,0)       - .08 kbars 

V (x,0) » .62^15 cc/gra and E (x,0) = 2 x 10 ergs/gra were 
the values calculated for an adlabatlc compression from 
.001 to .08 kbars. These boundary conditions approximate 
the boundary conditions realized in the experimental work. 

Figure 2 compares the P - X plots at 66 ixsec obtained 
from the analytic, "q" and Lax methods.  Except for 
fluctuations in the plateau, the "q" method agrees more 
closely with the analytic method than does the Lax method. 

Figure 3 compares P - X plots at 100 p-sec obtained 
from the "q" and Lax methods.  At this time a real solu- 
tion would have a discontinuity extending slightly below 
the plateau.  The "q" method gives a somewhat closer 
approximation to this discontinuity than does the Lax 
method.  However, the "q" method gives severe fluctuations 
in the plateau, while the Lax method gives none. 
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Because of tne exponential dependence of reaction 
rates on temperature (i.e. energy), the spurious fluctu- 
ations inherent In the "q" method render the "q" method 
almost useless for reaction rate studies.  Therefore all 
further numerical work discussed in this report is based 
on the Lax scheme. 

SHOCK FORMATION AND INITIATION 

A. Shock Formation 

The analytic solution (Ref. 6) to this problem 
showed that a shock had started to form at about 12 cm 
from the boundary at 90 ^sec.  The analytic method cannot 
give the rate of shock growth. 

The rate of growth of the shock is Illustrated in 
Fig. 4 which gives energy-distance (or temperature-distance) 
profiles at several different times as computed numerically 
by the Lax method using the previously defined boundary 
conditions and equation of state.  The generating pressure 
pulse was allowed to increase exponentially for 60 n,sec so 
that the maximum pressure reached was Pmax  = ^2«27 kbarsj 
thereafter the boundary pressure remained at 32.27 kbars. 
In Fig. 4, the upper horizontal line gives the energy that 
would result from a snock compression to 32.27  kbars; the 
lower line gives the energy that would result from an 
isentropic compression to 32.27  kbars.  The actually com- 
puted energy has increased perceptibly above the limiting 
isentropic value at 72.1 p-sec, at which time the com- 
pression front is about 5.3 cm from the boundary.  However, 
the transition from the isentropic compression to the 
shock compression is continuous; there is no sharp point 
of shock formation. 

The growth of the shock is also shown in Fig. 5* 
in which the parameter £ (evaluated at the compression 
front) is-plotted against time.  The figure also gives the 
location of the compression front as a function of time, 
so that the extent of the shock nature ( £) in the front 
can be read both as a function of time and distance. 

B. Shock Initiation 

Figures 4 and 5 show that, assuming a chemically 
inert medium, the shock wave is half developed it"   .5) 
when the compression wave has travelled about 15 cm into 
the charge.  The next step was to see whether the temper- 
atures generated were sufficient to start a detonation 
in an actual (i.e. chemically reactive) explosive, and 

621 



Zovko 

!-■ 
-, -..- ■ 

C\l 

00  <i 

"  

1 
i 

-p 
o 

^-1 

a 
2 B 

1 
i3 
c 
a 
H • < 

) 
) 
1 

ON: L 

1 

r-H   i 
»   i > 

Q 
1 

-— y —" 

1 
1 o 

r-l 
u 
a ,  

I i ■— 

CM 

00 

in 

CM 

E 

U 
0) 
-p 

0) 
> 
-p 
o 
CO 
a> 

05 
I c o 

25 

CQ 

0) 
E 

4J 
c 
Q) 
f-. 
0) 

o 

MD 

x^ 

GO \D        \r\ if\ CM a\ 

£0 

> 
CO 

-p 
03 

o 
C 
p 
CQ 

CQ 

> 

to 

C 
w 

Energy  In kbar-cc/gra 

622 



Zovko 

ON 00 ^o c\j 

V 

\ 
^k \ 

N. 

\ 

\ kr 
\ 

V 

n \ s. \ 

y > 
\ 

3. 

0) e 

\ 

E-< 

\ 

\ 

\ 

\ 

\ \ > 

\ 
\ 

\ 

\ 
V 

\ 

^ 

o 

o 
o 
rH 

« 
s •^ 

E-t 

CO 
> 

o 
as 

<P 

T5 
c 
to 

X 

O i 
QO m 

w g 
o 
M 
Ec, 

O 
f- 

o 'O C\J CO 

o 

(cm) 

623 



Zovko 

where the detonation would start.  The latter point Is of 
particular interest because, experimentally in the NOL- 
DDT test (Ref. 6), the detonation starts about 15 cm. 
into the charge. 

The computed point of initiation, in general, 
could be located anywhere between the boundary and the 
wave front.  As seen in Fig. 4, the layer of explosive 
near the compression front is at a temperature higher than 
that of the boundary, but its residence time at that 
temperature is shorter.  The point at which the chemical 
reaction rate becomes sufficiently high to generate a 
detonation wave will evidently depend on the specific 
pax'ameters used In the computation. 

In order to see if the theoretical model agrees 
with the experiments, a simple first order kinetic model 
was used, i.e. 

dF{x,t}     .   (l-F(x,t)) Ae  RTlX't;       (21) 

where, 
F(x,t) - mass fraction of burnt explosive, 

A     ■ preexponentlal factor, 

Ea    - activation energy, 

R     ■ gas constant, 

and        T(x,t) - temperature. 

T(x,t) is defined by the equation 

T(x,t) - T0 + Sj*'*) (22) 

Since Q(x,t) is the energy liberated by the chemical re- 
action at a point {x,t) and 4H is the heat of explosion 
of  the explosive,   then 

F(x,t)   -     %Ü (25) 

Therefore, equation (21) can be rewritten as 

. Ea  
eft(x,t)  .   AH f 1 - fti*&t.l ) Ae RTU,t)   (24) 
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This Is the explicit form of equation (11) that was used 
In the following calculations.  The constants In equations 
(22) and (24) are 

Cv - 1.254 x 107 erßs/gni0C 

AH - 5.016 x 1010 ere8/gm 

A - 1014 sec"1 

Ea - 35,000 ca:L/mole. 

A computer run was made using the previously 
discussed boundary conditions and equation (24) to compute 
the reaction rate.  The maximum pressure was 32.27 kbars. 
The computed temperatures were too low to cause any ap- 
preciable reaction.  The run gave results almost identical 
to the run represented in Fig. 4. 

Figure 6 illustrates the most important result of this 
run.  It is a plot of F(x,t) vs x at several different 
times.  It shows that after the shock is partly developed, 
the greater reaction rate in the interior (due to the 
greater temperature increase from the partly developed 
shock) causes the reaction to proceed farther than it does 
at the boundary. 

A subsequent run was made with one important change. 
The near boundary pressure was, 

P(0,t)  =  .08 elct kbars for t = 67.5 M^sec 

k =  .1 M.sec~ 

P(0,t)     =     .08 e6*75 kbars  - 68.32 kbars for 

t — 67.5 pisec 

The higher pressure caused the temperature (I.e. energy) 
to reach higher values than in the previous run.  The 
reaction rates from these higher temperatures were great 
enough to cause the reaction to go to completion.* The 
reaction first went to completion* 17.7 cm in from the 

The first order reaction assumed here would never 
actually go to completion, but in a numerical computa- 
tion the reaction goes to completion. The error is 
completely neglibible. 
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boundary.  Figure 7 illustrates the course of the reaction. 
It Is a plot of F(x,t) vs x at several different times. 

Figure 8 la a plot of T(x,t) vs x at two different 
times from two different computer runs.  In one run the 
material was assumed to be non reactive; in the other run 
the material was" assumed to be reactive.  The times chosen 
were slightly before and slightly after the reaction went 
to completion In the reactive run.  The interior tempera- 
ture Is higher than the boundary temperature; this coupled 
with the exponential dependence of reaction rate on 
temperature caused the reaction to go to completion in the 
interior before it went to completion at the boundary. 

Figure 9 is a plot of pressure vs x at several 
different times for the 68.32 kbar maximum pressure, re- 
active explosive calculation.  It shows the development 
of the detonation wave. 

DISCUSSION 

Measurements and rough calculations (Ref. 6) indicate 
that the maximum boundary pressure attained in the NOL-DDT 
test is about 32 kbars.  Calculations based on this maxi- 
mum pressure and homogeneous first order kinetics show no 
appreciable reaction. This is not surprising since it is 
almost certain that Initiation by weak stimuli (e.g. weak 
shocks) requires some mechanism of stress concentration 
(e.g. occluded grit or gas bubbles).  The important result 
from the 32 kbar calculation was the observation that the 
reaction Inside the charge surpassed the reaction at the 
boundary. 

A later calculation was made based on a maximum 
boundary pressure of 68 kbars.  This was done to compen- 
sate for the absence of stress concentrating mechanisms 
in the model used.  This pressure was adequate to cause 
initiation of the explosive.  The initiation started in 
the interior at a location comparable to the experimental 
results. 

It was concluded from these calculations that the 
shock formation-shock initiation model for the transition 
from deflagration to detonation is essentially correct. 
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APPüNDIX 1 

As a part of this task a computer (IBM 704) program 
was constructed to solve hydrodynamlc problems on the 
basis of tr.e Lax  sche.i.c.  The program consists of a main 
routine In which the equations of motion are Integrated 
and certain otner unchanging operations art performed. 
Calculations Involving the equation of state, reaction 
rates, boundary conditions and stability are carried out 
In subroutines.  Thus if any of these things must be 
changed, only the appropriate subroutine need be re- 
programed . 

The program runs according to the flow diagram In 
Figure 10.  The following are notes to Figure 10: 

(1) The stability analysis of this system shows that 

At   <     P0   Ax.    £ 

41 Is computed at every Interface and the smallest value 
Is used. 

(2) At this step the equations of conservation of 
mass and momentum are Integrated.  The equation of conser- 
vation of mass (Eqn. 9)* when differenced according to the 
Lax scheme, becomes 

o« /  t+^t  1  , t        t    v\      i     t        t 
af ( vx  - | (Vx-Mx + Vx.ax))  - -i_ (ux+üx - Ux-ax). 

Since the values of all of the variables are known at t, 
this equation can be used to evaluate V£+/i ,  Likewise, 
the equation of conservation of momentum (Eqn. 7) when 
differenced according to the Lax scheme becomes, 

Po (  „t^t. i ( t      t   ^  . 1  , t      t 

Since the values of all of the varlables+are known at t, 
this equation can be used to evaluate Ux 

Since  0 < x < xrnax, the above two equations cannot 
be used to evaluate the variables at t+At where x - 0 or 
x_a„ because this would demand values of the variables at 
x outside the range 0 < x < xmax. 
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(3) At thla step the equations of chemical energy 
release and conservation of energy are Integrated.  The 
equation of chemical energy release, when differenced 
according to the Lax scheme, becomes 

, / t+at i , t      t   \ 
^ ( Qx    - | (Qx+AX 

+ Qx-.x)) Rx 

Since the right hand side of this equation can be evaluated 
directly. It will not be differenced or averaged. Rx are 
evaluated In the reaction rate subroutine.  Therefore, this 

t+Ot equation can be used to evaluate Qx 

(4) The values of the variables at the boundaries 
(i.e. at x » 0 and x-xmax) are computed in the boundary 
value subroutine.  The values of the pressure P are speci- 
fied by the equations, 

P(0,t)   » .08 e0*1* kbar for t ^ tco 

P(0,t)   - .08 e0,1^©kbar for t ^ tco 

P(xtnax,t) ■ .08      kbar for all values of t 

The values of the other variables at the boundaries are 
computed from P(0,t), P(xmax,t) and equations 7* 9, 11 and 
19.  The Lax differencing scheme cannot be used at the 
boundaries because it would require values of the variables 
outside the range of 0<x<xinax. Therefore a different 
differencing scheme is used. For a partial differential 
equation of the following general type, 

the following differencing scheme is used; 

A   / t-^t  t + t^t _  t   \ 
^-       \ YX "   YX   +   XX+4X ^X+AX / 

1        /        t t t + At t+A-t  \ 
"    2Ä3r   [   zw - zx + Zx+Ax - Zx       j    . 
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A METHOD FOR DSTSRKINATION OF DETONABILITY OF 
PROPSLLAIJTS AND EXPLOSIVES 

S. Wachtell & C. E. KcKnight 
Picatinny Arsenal 
Dover, New Jersey 

ABSTRACT 

A new quantitative approach to establishing the detonability of 
propellants and explosives through a study of the deflagration to 
detonation transition (DDT) has shown promising results. Results 
indicate that each explosive material has a critical pressure above 
which the transition from deflagration to detonation will occur. 

The measurement depends on the determination of burning rate as 
a function of pressure. 3y comparing the burning rates obtained in 
a strand burner with  those obtained for large solid cylinders in a 
closed bomb at high pressure, a pressure is found for each explosive 
above which the closed bomb burning rate vs pressure curve turns 
sharply upward from the normal burning r^te vs pressure curve ob- 
tained with the strand burner. 

This deviation is believed to be the result of a crazing or 
surface cracking of the explosive causing a large increase in burning 
area.  This rapid increase in burning area is considered to be the 
basic intermediate step in transition from deflagration to detonation. 

The pressure at which this increase in burning surface begins 
and the rate at which it occurs can be used as the basis for a 
quantitative classification of the detonability of explosives. 

This method has been applied to a number of explosives and 
propellants and the results are reported. 

INTRODUCTION 

The development of new high energy solid propellants which go 
into the manufacture of modem missies has reemphasized the gap in 
our understanding of the mechanism of transition from deflagration • 
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to detonation (DDT). While the number of cases in which actual 
transition has occurred in propellants is extremely small, the advent 
of larger and larger solid propellant motors with higher and higher 
energy propellants makes the prediction of the possibility of such 
an occurrence more and more urgent. 

Existing test methods for evaluation of sensitivity fall into 
two basic categories, those involving initiation by shock and those 
involving thermal initiation. None of the methods give information 
about a property of the propellant or explosive which defines its 
susceptibility to undergo transition from deflagration to detonation. 
In this paper I will present a method by which we can quantitatively 
measure this property. 

Kistiakowsky '^ described the following mechanism for the 
development of detonation in a large mass of granular or crystalline 
explosive ignited thermally at a localized region within the bulk:- 
As the explosive burns, the gases formed cannot readily escape be- 
tween the explosive crystals and a pressure gradient develops. This 
increase in gas pressure in turn causes an increase in burning rate 
which in turn ca^es Increase ■'.n pressure with constantly increasing 
velocity.  This condition results in the formation of shock waves 
which are reinforced by the energy released by the burning explosive 
and they eventually reach an intensity where the entire energy of 
the reaction is used, for propagation of the shock wave, and a stable 
detonation wave is produced. A critical size exists for each 
material above which this deflagration can pass over into detonation 
under proper conditions. Below this size the burning will first 
increase, and then decrease as the material is consumed. 

The transition to detonation is considered to be essentially a 
physical process in which the linear burning rate of the bed of 
material increases to the rate of several thousand meters per second 
although the individual particles are consumed at the rate of only 
several hundred inches per second. 

The validity of this mechanism for propellants in granular form 
has been demonstrated by a number of workers (2), (3). While this 
mechanism is applied to granular material why should it not apply as 
well to composite or homogeneous propellants, if the growth of a 
shock front can be shown (*+) which is accompanied by an increasing 
break-up of the surface of the propellant? 

The apparent non-detonability (through transition) of nitro- 
cellulose propellants is due to the dense surface preventing defla- 
gration from taking place in the interstices of the materials. For 
composite propellant the continuous and highly elastic nature of the 
binder probably prevents this type of reaction.  However, it has been 
shown (5), (6) that roany highly elastic materials will undergo 
brittle failure when stress at very high strain rates is applied. 
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GEirSRAL APPROACH 

In the light of experience with some cannon propellants in 
closed bomb tests in which unexpectedly high rates of change of 
pressure were observed, it was considered possible that this tech- 
nique might be used to demonstrate this property for rocket propel- 
lants.  It had been found that when the tested lot of cannon propel- 
lant deviated from normal, the occurrence of high rates of change of 
pressure started at a specific pressure, which was reproducible. 
Since the burning rate law has been shown to hold for these propel- 
lants, a reasonable explanation is that surface cracking or crazing 
occurred under the pressure and thernal stress of the reaction. 
This increase in burning surface is believed to be the initial step 
in the transition from deflagration to detonation and the critical 
pressure and the rate at which the increase in surface area occurs 
can be calculated from measurements made in the closed bonib. 

The calculation of linear burning rate from closed bomb measure- 
ments has been standard procedure for many years, (?), (S). From a 
consideration of the original geometry of a grain of material and a 
knowledge of the rate of change of pressure in the bomb when the 
grain is burned, the linear burning rate at any particular pressure 
can be calculated.  Thi3 calculation assumes that the grain is ignit- 
ed uniformly over its entire surface and always burns normal to that 
surface.  However, if surface cracking or crazing should occur, the 
calculated linear burning rates will be far in excess of the value 
expected, and the increase in surface area can be calculated from 
this apparent increase in linear burning rate. A detailed discussion 
of these calculations is given in Appendix A, 

EXPKRH-r^NTAL APPROACH 

Tiri' 

To determine whether this method would throw any light on the 
burning of high explosives, cylinders of TNT were prepared with 
diameters of 1" to Iv" and lengths of from 1" to 3".  These cylinders 
were machined from solid blocks of TNT which had been carefully cast 
to make certain that they contained no voids or porosity.  All the 
cylinders Tore irchined from, the same block and were considered to 
have approximately the same crystalline structure.  These cylinders 
were placed in a standard 200cc closed bomb with a reinforced cylin- 
der wall and fired with a small amount of Grade A5 black powder and 
an KLAl Sauibb.  Tracings of typical oscillograms resulting from 
the firings are shown in Figure 1. These represent a series of 
firings made with cylinders of TNT at various loading densities. 
In the first of these is inserted a line representing the trace which 
should have be.-^n obtained if the cylinder of TNT had burned normallv. 
However, in each case note that a marked deviation from normal 
occurred at 6000-6000 psi.  In examining these tracings it must be 
bom in mind that the standard closed bomb instrumentation produces 
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an oscillogram of dp/dt vs P and that the horizontal axis represents 
P and the vertical axis represents rate of chanre of P. The scale is 
varied to have the trace fill the oscillogram. The calculated scales 
of P and dp/dt are added to the tracings. 

When linear burning rates were calculated from these traces, the 
results shown in Figure 2 were obtained. An average line is drawn 
for burning rates calculated from the closed bomb test. 

In order to establish the true burning rate for TNT, strands 
l/6" x l/S" x 7"  long were prepared by cutting them from a block of 
TNT similar to the one used previously. These were burned in a 
strand burner using the standard technique at pressures of from 1,000 
psi to 20,000 psi.  The results of these tests are Included in Figure 
2. 

These results show that the calculated closed bomb burning rates 
approximately coincides with the strand burner result up to about 
6,000 psi and then curves sharply upward. This "apparent" increase 
in burning rate is consistent with the assumption of an increase in 
burning surface which occurs on the cylinder due to surface crazing 
or cracking. Figure 3 shows a graph of the expected surface area vs 
pressure due to consumption of the TOT in the bomb (assuming normal 
burning of the grain) and the actual surface area of the crazed TNT 
calculated from the dp/dt of the bomb test and the actual linear 
burning rate of the TNT. This shows for TNT an increase in surface 
area of close to 20 times. 

It was desired to determine whether this change in slope was 
strictly a pressure and thermal effect and independent of the amount 
of TNT burned. Therefore a technique was devised whereby a quantity 
of thin sheets of a very fast burning propellant was loaded into the 
bomb with the TNT.  On ignition, this material burned quickly, giving 
an initial high pressure and temperature to the bomb before any appre- 
ciable burning of the TNT took place.  This technique permits a 
larger mass of TNT to be present at higher pressure. Keasurement 
made in this way showed no change in the pressures at which the 
change in slope took place in the lower part of the curve or in the 
slope of the middle part of the curve.  However, an increase in the 
slope of the upper part of the burning rate curve did result.  This 
indicates that there is possibly some minimum mass of explosive 
necessary to maintain the formation of increasing burning surface. 
Further work will be done to investigate this. 

Composition B 

Cylinders of Composition B which had been prepared in a manner 
similar to the TNT were then burned in the bomb at varying loading 
densities. In order to obtain adequate ignition of the Composition B 
it was necessary to use a small amount of sheet propellant as igniter. 
This masked that part of the curve below about 5|000 psi. However, 
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Fig. 2 - Linear burning rates of TNT obtained 
with closed bomb and strand burner 
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strands cut from the sane block of Conposition B as the cylinders were 
burned in the strand burner to obtain the normal buminp; rate vs pres- 
sure curve (Figures U & 5).    This shows that the break in the Conposi- 
tion B curve occurs about ^f0C0 - 5.000 psi.  The slope of the Closed 
Bomb curve past the transition nay be even greater than that obtained 
for TNT. The surface area vs pressure curves for calculated normal 
burning vs actual closed bomb burning of a sample of Composition B 
are given in (Figure 6). 

ARP Propellant 

In order to establish the applicability of this technique to 
high energy propellants, a sample of ARP propellant was subjected to 
this closed bomb test.  Figure 7 shows a series of tests resulting 
from increasing loading densities up to about .^0. '■.Then this was 
increased to ,^3 by preloading T..Tith sheet propellant, a change in 
slope occurred at about 35.000 - ^f-O.OOO psi similar to those which 
were obtained for TNT and Composition B.  This was accompanied by a 
disintegration of one of the seals in the bomb.  Unfortunately, each 
time conditions were used in which the transition was expected to 
show, the rate of pressure rise was so great that some part of the 
bomb seal was destroyed and the trace was lost. A bomb is being 
designed in which we hope to hold the pressures produced and measure 
transition oressures similar to those obtained for TTTT and Comoosition 
B. 

Figure £ shows a plot of linear burning rate vs pressure calcul- 
ated from the available data for the /-HP propellant burned with and 
without preloading.  The linear burning rates obtained with the strand 
burner are almost coincident with those calculated from the closed 
bomb at pressures of 10,000 psi and above. 

Sxperimental Propellant 

A sample of highly sensitive experimental propellant was then 
subjected to this detonability test.  This material had been found to 
be detonable with a No, 6 blastinr; cap.  Cylinders of different dia- 
meters were tested and pressures up to £5 thousand psi were obtained. 
A very sharp transition was obtained at about 15 thousand psi.  Also 
the fall off from the maximum dp/dt begins at a much lower percentage 
of the maximum pressure than for the high explosive samples.  Figure 
9 shows a plot of the linear burning rates calculated from the closed 
bomb traces.  The strand burner curve was extropolated from low 
pressure data since strands of this material were not available for 
high pressure testing. Figure 10 shows the surface area relationship 
between expected area and actual area obtained. 

A preliminary study of the data obtained for the ratio of cylin- 
der area to actual area obtained indicates the existance of a dia- 
meter below which the continued cracking or increase in surface area 
stoos and the exolosive returns to normal burning since there is not 
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Fig. 9  - Linear burning rate of experimental propellant 
obtained with closed bomb 
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sufficient rcaterial available to develop a shock wave of sufficient 
intensity to go to stable detonation. 

Figure 11 shows  the ratio of surface area from closed bomb over 
expected surface area for the sane cylinder of TIIT presented in 
Figure 3. This shows that the ratio increased until about 35w of 
the grain was consumed then remained constant till about 30^ of the 
grain was left. 

An equivalent study for a Composition B cylinder in Figure 12 
shows that h3re, the increase in surface area did not start to level 
off until about 7^c of the grain was consumed. 

The experimental propellant was tested in cylinders of different 
dianieters and the changes in burning rate as a function of geometry 
were calculated.  It was found that for cylinders of two different 
diameters, increases in surface areas were obtained down to a 
specific diameter which was the same for both sizes tested.  This 
indicates the possibility that there is a minimum diameter which is 
characteristic of each matoiial.  This may explain the fact that in 
earlier work on burning of explosives in a closed bomb done by Buck, 
Epstein and Jacobs (Ref. 7) under the HDRC the high burning rates 
reported here, were not observed, sinco the explosives were burned 
in small grains. 

COIJCLUSIOI! AIT) APPLICATIONS 

It would appear from results of these tests that for each of 
the materials studied, there is a critical pressure above which the 
transition from deflagration to detonation can occur.  This is be- 
lieved to be the result of a surface cracking or crazing which in- 
creases the burning surface to a point where a shock front can form. 
The existance of this condition is considered necessary for DDT to 
occur.  If sufficient explosive material were available, the shock 
front could reach sufficient intensity to establish a stable detona- 
tion front in the explosive. 

The application of this test to explosives and propellants 
should give us a basis for a quantitative evaluation of these 
materials.in terms of critical transition pressure, slope of the 
transition curve and minimum charge diameter.  This will make it 
possible to classify these materials as to the severity of the 
conditions to which they can be subjected before the danger of DDT 
will exist.  It will also make possible a study of the effects of 
temperature, porosity, particle size, crystal size and other physical 
variables on the detonability of existing propellants and for new 
materials as they are developed.  It will be a valuable tool in the 
development of new formulations to study the effects of composition 
and processing modifications on the detonability of high energy 
materials. 
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Fig. 12  - Ratio expected area to actual area found 
for composition B cylinder 
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APPEtDIX A 

1. Linear Burning Rate 

A.  Theory 

The linear burning rate is the rate at which the burning 
surface of a propellant recedes in a direction normal to the flame 
front. 

If dx be the distance burning proceeds during anytime interval 
dt, then dx/dt is the linear burning rate. 

By assuming that all surfaces of the burning propellant bum a* 
the same rate and by using a known geometry the linear burning rate 
can be deduced from the mass rate of burning. By the assumption of 
a suitable equntion of state the mass rate of burning can be deduced 
from the rate of change in pressure surrounding the burning propel- 
lant in a closed vessel. 

For particles of known shape, such as perforated or solid 
cylinders the closed bomb fitted with a rapid response pressure gage 
is suitable experimental apparatus for determining the linear rate 
of burning of propellants or explosives at an^ pressure. 

The apparatus produces an oscillographic trace of piezo-origin- 
ated voltages as measures of the rate of change of pressure, dp/dt 
and pressure, P.  Sample traces are shown in Figure 7. The rate of 
change of pressure is calculated from the ordinate voltage V_, and 
the pressure from the abscissa, V , after appropriate calibration 
and determination of gage constants. 

P = Kg Cx Vx + Ki (1) 

dp/dt = K V (2) 

The maximum pressure (at the end of burning) can be used to 
measure the combined temperature and gas molecular weight function, 
thus completing an expression for the equation of state in terms of 
Z, the weight fraction burned, and pj_ the pressure due to prepress- 
urizing and igniter, if any, where K_, C^ and K]_ are equipment con- 
stants: 

pmax = Kg cx vxmax + Kl   ^3) 

P. = Pi + Z (1 -  (r^a± +  a) Do)     (P^ _ pi)  (ZO 
1 - (b + au ^ + (a-b) Z) Do 
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To aimplifj' calculations the term (r!i/n0) a^ is considered 
negligible because of the relatively small quantity involved in nu , 
the mass of igniter and prepresaurizinf materials. 

The geometry for solic cylinders of propellant or explosives 
burning on all surfaces is stated in terns o*" fraction burned, Z, 
and dimension remaining, (d-2x) and (h-2x), at anytime: 

Z = 1 - (d - 2x) 2 (h - 2x) (5) 
d2 h 

The derivative, dp/dZ, may.be found from equation (4) and the 
derivative dZ/dx from equation (5): 

dp/dZ = f1 (Z) (6) 

dZ/dx = f2 (x) (7) 

The linear burning rate can be calculated from equations (2), 
(6) and (7): 

/         dp/dt . . 
^/^ = (dp/dZ) (dZ/dx) W 

U. Calculation Method 

The equations (W thirough (8) have, in principle, been 
rearranged by Wallace *"' to a form suitable for direct solution. 
The solution was made in terms of the surface area (Sy.)  at any value 
of x. With slight modifications, the equations of Wallace were used 
to convert the closed bomb data to linear burning rates. 

The equations used for this solution for a solid cylinder are 
listed below. These equations were programmed for solution in an 
I3K 650 computer. 

K6 = (d-h)2 / 1.5 hd2 (9) 

K5 = 27 hd2 / 2 (d-h)3 (10) 

B = <pmax-Pi) ^-^ I  ^-b)D (n) 

C = (1-bD) / (a-b)D (12) 

Z = (P-Pj) (1-bD)   0.3) 
(Pinax -Pi) (l-aD) + ^"Pi5 (a"b)D 

E = 1 + K5 (1-Z) (1^) 
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If E < 1 
^ = cos -;La (15) 

SJC/VO = [l-2 cos (60° + 2/3 0)] K6     (16) 

If E^ 1 (17) 

Sx/V0 -Öfe - (E
2 -l)l/2j 1/3 +^-(^-1)1/2] Vy-l]  K6 

dx/dt =     dp/dt (1S) 

B (1 + P )2 S^ 
C     B   V0 

In these eqviations certain special cases had to be recognized to 
allow for discontinuities introduced by algebraic and trigonometric 
solutions. When diameter exactly equals length, a discontinuity 
arises in Eq (9) for K6. An increment of 0,01 inch is therefore added 
to one dimension for this special case. If the quantity E is less 
than unity a cosine procedure is used (Eq 15); if equal to or greater 
than unity a cube-root procedure is used (Eq 1?).  Either procedure 
leads to Sx/V0 which is then used in the final equation (Eq 18) with 
the experimentally observed dp/dt to calculate the linear burning 
rate dx/dt. 

II. Equivalent Surface Areas. 

A. Theory 

When linear burning rates are found from closed bomb data 
from single cylinders of propellant or explosive using the solid 
cylinder geometry as described above the results compare well vrith 
strand burner results below a certain characteristic pressure. At 
other pressures the burning rate so calculated must be regarded as 
an "apparent" burning rate because it deviates a great deal from 
strand burner results. 

This suggests that the general configuration may be cylindrical, 
but the surface may be full of cracks or breaking into small pieces, 
with the strand burning rate governing the reaction for each burning 
particle. Combining experimentally determined rate of pressure rise, 
dp/dt, and pressure, P, with strand burning rates, dx/dt, permits 
solving for a surface area, Sx, will reflect the abnormally high mass 
rate of burning. ■ 

Thus P, dp/dt, and Pj^x are found as before (Eq 1,2,3). The 
equation of state showing total pressure as function of fraction 
burned is also applicable (Eq 4).  Likewise the fraction burndd is 
related to the burning cylinder dimensions by (Sq 5) for a smooth 
cylinder. In (Eq S, and 18), however, the predicted linear burning 
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rate dx/dt = aPn voiild be used.     Then from (3q 18)  the equivalent 
area SJJ is fowil representing surface area of cracks and corvoluti 
on the surface of a rough cylinder.    The equivalent areas are found 
to proceed through a maxxmun before reaching zero during burning. 
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