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ABSTRACT: The original purpose of this work was to obtain data necessary
for the design of experiments in which particie velocity (u) could be
neasured by a new electromagnetic method. It was soop apparent that a
knowledge of the curvature of the detonation front was needed for the
moasurement cf detonation velocity as well as for u, Hence, we have
studied 50-51 nm dismeter charges of AP, NQ, TNT, and RIX to provide

the necessary data. The most important result of the work is the finding
that the detonation front acquires a comstant curvature after a fairly

short mun in AP charges and also in some low density conventional explosives.
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COMPARISON OF CURVATURE OF DETONATION FRONT IN AP WITH THAT FOUND IN
SOME CONVENTIONAL EXPLOSIVES

This work was initisted under MAT-03L-000,/ZR011-01-01 and was con-
cluded under that project and ORD-331-002/UF19-332-302. The report
1s concerned with the curvature of the detonation fronts in 50 mm
diameter charges of AP, NQ, TNT, RDX and Tetryl. These data will

be of Interest to those who measure the velocity of detonating
charges by observing the detonaticns with a camera. The data also
have interesting implications for consideration in theoretical éreat;

ments of detonations in cylindrical charges.

GEORGE G. BALL
Captain, USN
Commander
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COMPARISON OF CURVATURE OF DETONATION FRONT IN AP
WITH THAT FOUND IN SOME CONVENTIONAL EXPLOSIVES

INTRODUCTION

Previcus work has suowm that the radius of curvature (Rc) of the detonation
front in point-initiated tetryl (p, = 1.51 g/cc) cylinders increases witha cylinder
length () in the manner to be expected for spherical expansion of the front.lt
Up to the largest charge fired ({/d of 4 for 4@ = 50.8 mm), where d is the charge
diameter, this direct proportionality between R, andﬂ was observed. (n the other
hend, Cook reported2 for fine-grainzd, low density, "ideal" explosives that the
region of spherical expansion is followed by a decaying rate of expansion until a
constant curvature is reached and maintained at and above (Z/d) ~ 3.5. For
"non-idesl" explosives (e.g., very coarse, low density TNT and coarse TNT/sodium
nitrate, 50/50), the change from spherical expansion to constant curvature is
abrupt and occurs at f/d of 1.5 - 2.0.

Zarlier, we developed a correction to our measured detonation velocities to
compensate for the curvature of the initiating snock front.3 This correction was
derived on the assumption of uninterrupted spherical expansion of the detonation
front. Ceonseguently the validity of this correction depends vpon its application
only to explosives exnibiting such benhavior. Taus, one objective of the present
study was to examine Rc vs [/q data of several explosives to determine which ones
exhibit the spherically expanding fronts.

Another objective was to obtain the detailed information ubout eurvature of
the detonation front needed to interpret correctly (as particle velosity) the
measurements obtained by the electromagnetic method. This method is in process
of development; it depends on a thin metal foil moving at the material velocity
of the front. Best results (no correction) will be obtained for planar detonation
fronts. Acceptable results can be obteined by correcting the measurements sccord-

ing to independently measured R, The curvature must be known, must be reproducible,

1l
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and must be small enough to set a practical length of foil {e.g., 5 - 10 mm) into
uniform motion within a very small delay period (e.g., 30 nsec.). In particular
we wighed to know R, of ammonium perchlorate (AP) as a function of particle gize
(8), loading density (ﬂb), and charge length so that the electromagnetic method
can be used to study what is generally considered to be the relatively long re-
action zone of this explosive.

In addition to the primary objectives of obtaining 2, data necessary for the
electromagnetic method ard for valid correction. of our detonation measurements
we wished to examine any appropriate curvature data in the t‘.heoriesl‘t’5 which relate
R, to reaction zone length, a. Few applications of these theories have been made
beceuse appropriate Rc data are not usually aveilable.

EXPERIMENTAL
Materials

Five batches of AP were used in this work; all were of the propellant grade
and contained 0.2 - 0.5% tricalcium phorphate (TCP), Four batches, freshly ground
on the same schedule at the Naval Ordnance Station, Indian Head, Maryland, had a
nominal average particle size of 9x by micromerograph. These were NL36 (8.L4u),
N138 (8.9 k), ML39 (8.8 ) and N1k0 (8.3 1). The fifth batch, N126 was originally
assigned an average particle size of 25 #6 when it was acquired several years ago.
After putting a sample of this material through a coarse screen to remove a few
large agglomerates, NOS reports that its micromerograph value ls still 25 u.

Three organic H.E. were used in this work snd all were procured under the
reapective military specifications. RDX, X659, was ordered as Type B Class E
(98% through a No. 325 screen) Holston Production; an analogous lot of HMX had
& weight mean particle size of 1% u. TNT, X517, is a coarse H.E. with a mean
6 of 200 pu; see Table 7. Nitroguanidine (NQ) X547 is the low bulk density form

described and used in carlier work.7
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Pressed Chaerge Preparation

The explosives were handled and made into eylindrical charges as in the pre-
vious work8 except that AP charges were given special treatment to avoid moisture
pick-up. In preparing these charges, AP was taken directly from moisture-
vapor proof storage bags and loaded directly into the mold; if for any reason
AP required drying, it was dried in a vacuum oven. Any AP charges not fired as
soon as possible after preparation were puckaged in Saran and stored at 30°C until
they could be fired.

In the present work, the charge diameter was kept at 50 - 51 mm, but both
length and the loading density were varied. The total charge train was made up
of a detonator (Engineere Special Hercules J-2), & SO/SO, 1.56 g/cc pentolite
booster {diam. of main charge, 25.%4 mm long), and the main charge. In detonation
velocity measurements, the main charge was generally followed by a second booster
pellet to serve as an explosive witness.
Measurements '

A 70 mm smear camera (writing speed about 4 mm/usec) was used to measure
both the detonation velocity {D) and the radius of curvature. All records were
made with Tri-X £ilm developed in Acufine.

For measurements of D, the charge was mounted vertically with the detonator
at the top. In a very few cases, Magic Tape was used as & flasher¥. The usual
procedure and typical records are descrited in previous work.8

For measurements of R,, the charge was mounted horizoutally on s Styrofoam

V-block. 'The camera slit wes focused on the end face of the main charge, and was

perpendicular to the charge axis. The maximum writing speed of b mm/u sec was

¥ If possible, & flasher is avoided. For grenular charges, especially those
with chalky surfaces, it is difficult to produce an alr gap of uniforam thick-
ness and hence & record of uniform luminosity.
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used but, even so, the horizontal (time) component of the trace varied only from
2 to 1) mm on the film. Obviously a hiphier writing speed would improve this
measurement. Good traces were obtained without using a flasher. Fig. 1 shows
two typical records.

Data Reduction

Recding and reduction of the smear camera velocity records is briefly des-
cribed in Ref. 8. Details of using the Universal Telereader and suxiliary equip-
ment are set out in Ref. 9. Thirty to 4O points were read on each record for the
work reported here. For the most part, the distance-time data were fitted to a
straight line (by & least squares procedure) in order to determine the detonation
velocity. The use cf the stralght line was justified by the adequacy of the fit.
For short charges, a quadratic was fitted to the data, also by least squares. The
velocity at any given point on the cdoserve. part of the charge was then determined
by evelvating the derivative of the quadrat:..c.

The wave front records were rsad on the same mschine as the veloclity records.
The cross wires are set on the streak cemera trace as shown in Fig. 1b. That is,
the vertical wire is set on the left-most part of the trace, so it coincides with
line ab. Then the horizontal wire is moved up to a point where the trace is
distinet, point p. Thus point p is the origin for the readings, and sbout %0 points
are read across the trace. Any tilt of the slit with respect to the axis of
rotation of the camera mirror is compensated for by reading the coordinetes of
the ends of the image of the slit, ef and ga.

The ordinates of the upper and lower edges of tine image of the end of the
charge sre also recorded. The horizoutal wire is set successively on IJ and kI.
These latter are used to locate the center of the charge so that the origin for
the trace can be moved to point o, see Fig. 1b, and the line ot is the time axis.

The scale in the picture is read to give the proportionality between distance on

b
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the charge to distsnce on the screen of the Telereader. The writing speed of the
camera and the megnification of the film in the Telereader give the factor requir<d
to compute time from the values of “he abscisse as read.

In previous work at NOLl, data similar to those described above were found
to represent a spherically expanding front; in cross section, the fronts were
circular. Also, Cook2 found that short charges of numerous explosives
gave spherically expanding fronts. For longer charges, however, Coock found that
although the fronts were spherical, the radius of curvature did not increase with
cherge length., Thus it was expected that the data from the present work could be
represented by a circle (because we cbserve & cross section). This was confirmed
by the adequacy of the corresponding fit obtained. See Fig. 2 for the results
for the two shots represented by the photographs in Fig. la and 1b,

When the front shows continuous spherical expansion, the curvature is un-
steady in the sense that it changes with additional charge length. The change
with length will, however, decrease with increasing charge ler th., In contrast
to this behavior, some charges show a spherical expansion of the front only for
shoxt distances, after which R, becomes constant and independent of length of
travel. It is important to be able to recognize these two different modes of
propagatior. This can be done by superimposing stresk camera records which have
been teken on charges of different length (after minor corrections for tilt and
differences in magnification have been made). If the records coincide, the front
is steady for that material and geometry.

Another way of determining if the shape of the detonation front is constant
is to observe the velocilty of detonation with the streak camera. It has been
shownlo that for a sphericelly expanding front, this method gives an apparent
velocity which is greater than the actual detonation velocity. An alternate

statement is that when the velocity along the periphery of a cylinder is not
b
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constant, the front may be expanding spherically. Thus rareful measurements of
the velocity along the periphery of a chavge can, in principle, be used to dis-
tinguish between steady and unsteady curvature of the detonation front. We may
not have sufficient resolution to see any change in D with spherical expansion;
in most cases, D appeared to be constant within ocur limits of resolution.

The radius of curvature is computed in different ways for the two cases
discussed sbove, The radial expansion case is diagrammed in Fig. 3a where the
detonation front hes just reached the end of the charge, The radius of curvature
18 R, the distances sb and ac. It is assumed that the detonation velscity, D,
is known, and constant, so that cd is D x t, where t 1s the time measured from
the appearance of the front at point b. This time at off-axis point d,t3, and
the sbscissa, x; are known fiom the streask camera record. Thus

RZ + xd2 = (R, + D x tg)° (1)
so that R, could possibly be computed from only one point on the record.
More representative results are cbtained by using the method of least squares
so that the subscript 4 takes on all integer values from 1 to the total number
of points read on the film.

Note that in Fig. 3a, the front propagates in the direction of its normal.
For the steady case, see Fig. 3b, the front moves as & rigid body so that cd is
D x t and the path is parallel to the axis of the charge. For this case the co-
ordinates of a point on the front, such as ¢, are given by (xd,- Dx td), wvhere
both x4 and td represent a particular point on the trace. All data points are
treated in this way so that a new set of data is generated which represents the
arc shown in Fig. 3b. These are used to evaluate h, k, and Re in the equation
of g circle,

(x -0+ (y - K2 = Ry (2)
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by least squares. T*is generalized cquation per iits us to ohl.ain Letter fits to
data from crarges w “¢s, for one reason or anctier, are not perfazctly unifora or
perfectly aligned in the optical siste~. It also helps to compensate for small
asy~metries wile can ve introduced by the detonators, i.e., tiese only & . xi-
mate point initiation. Fig. 2 snows tle results o.tained from t.:e records s'-own
. in Fig. 1 for AP charges which exhibit a constant R,. In this figure, t.e solid
line trace is for data smoothed to fit Eq. (2). Tae points shown are derived
(see above) froa the actual readings of the records.
The adequacy of tie fit for either Eg. (1) or (2) is determined by examining

plots sucl, as Figs. 2a and 2b, and the computed g.m.e. (quadratic mean error),
waich is 0 2] %
g-m.e. = [El(yi - S’ic) /(n - p) (3)
where y; = observed value of ordinate

Yie= value of ordinate computed from the fitted equation

n = number of data points

p = number of parameters in the equation to Le fitted
Values of the g.m.e. have all been in an acceptable range; for example, the
values for the fits shiown in Fig. 2 are 0,13 mm for values of y which vary from
-25 to +25 mm. The computer also gives an estimate of the standard deviation of
each of the parameters being estimatedll. These have been converted to percentages
and are reported in the tables listing the results.

RSSULTS AND DISCUSSION

Detonation Velocity as a Function of Density

D vs P, curves wvere obtained on the 9 and 254 AP at 4 ~ 50 mm, the constant

diameter selected for studying the curvature of the front. Data for the 9u mater-

ial were obtained on batches N136 and N138, both ground on the same schedule at

NOS; these two batches are assumed al.iost indistinguishable in behavior. Datsa
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for the 25u AP were cbisined on N126 for which a curve had been obtaized several
years ago.6 In view of some evidence that the behavior of AP changes with &gel‘?,
it was felt that a second determination was necessary. The data cbtalned are
given in Tuble 1 ard plotted 1z ®g. 4. These D values have not been corrected
for non-planar initiation because, a3 the next section will show, such a correc-
ticn 18 not valid for these AP charges. v
Ia similar studiee of other H.E., in particulsr HQ7, the method of charge
preparation has seemed to affect some of the results. Consequently, the method
of compaction (by hend, by hydraulic press, or by isostatic press) has been indi-
cated on the graphs as well as in the tobles. The trends (D vs ”o) of Fig. &
seem continuous despite chauges firom one metnod of charge preparation to another.
The curve for the fine AP parallels the ideal curve in the range 0.6 to 1.2 g/cc
after which it shows a moderats bending until it ends. The charge at 1.L41 g/cc
failed, but this does not necessarily mean that the critical density has been
exceeded. In this work we are using only half the booster length used in eearlier
work.8 Hence the failure could result from inadequate boostering or from exceed-
ing the critical density. The f-./mer seems more probable because the present
9u AP D vs p, curve (d ~50 mm) almost coincides with the 10x AP curve at
& =76 mm p <1.3 g/cc in the previcus work. This 1s an indication that the
9u AP is finer than the 10u AP as, of course, it should be. For the same reason
its detonability curve should lie at lcwer values of ﬁc and higher values of 4,
than the curve of the less fine material., Finally, the 10x AP at @ » 50.8 mn,
nad P, ~1.475 g/cc; consequently, the 9u AP should have A, »1.48 g/cc at
d ~ 50 mm.
It is not important for the present work to determine P for this Gu AP at

d ~50 mm, and no effort has been made to do so. However, it is of interest that
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in the gap test confinement, tuis AP detonates at 1.584 g/c:c12 and fails (is desd
pressed) at 1.590 g/cc. The critical density in the confinement of the gap test
mst, therefore, be quite near 1.59 g/cc. These limits were determined with pin
measurements which resulted in two good examples of the failing rezction cbtained
in strongly boostered AP when experimental conditions make it sub-critical.

Table 2 and Fig. 5 chow the fading reacticns observed in AP (N138).

The curve for the 25u AP is very similar to that cbtained when this nater-
ial was Pirst studied. In fact, it is identical at and to the right (towurd
higher po) of the maximum in D. The difference appears at lower densities and
smounts, at most, to 0.1% mm/useec. Several years of aging has reduced D at the
lowest o, (0.9 g/ce) by this amount. These dats and one other exemple of an
aging effect in 2 finer AP, given in the Appendix, confirm the aging effect sug-
gested in Appendix B of Ref. (12). Tuc particle size effect on D is the same
order of magnitude as that established in previous work.6

Radius of Curvature as & Function of Density

Table 3 contains the data R, vs p, obtained for the Sy ard 254 AP. The
redius of curvature was computed in two ways: (1) fitting all the x-y data
across the charge surface {(d ~ 50 mm) to Eq. 2, and (2) fitting only half the
data covering the inner portion of the charge surface (d ~ 25 mm) to Eq. 2. This
was done berause the quite commonly used curved front theory of Eyring «t als ’
proposes & lsrge edge effect. In fact, the effect in the theory as originally
formulated is =0 large that its presence would make a fit of all data to either
equation mesningless.

Exam’ cation of the data of Table 3 shows that it is quite possible to fit
most of the x-y data over the entire surface with a percent error of 1.6} R, or
less. The znalogous fit for the central part of the same surfuce does give a
sonewhat greater R, waich may indicate a small edge effect. (Many records,

9
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typified by Fig. 2, show a small but definite increase in the curvature of the
front as it approaches the charge surface). The percent error, in this case, is
somewhat larger than that for treating the whole surface, but generally only to
the extent that would be expected by halving the number of messurements treated.
If the large edge effect exists, it cannot be -esolved on our records. R, deter-
mined by either method showesd the same trends. Hence we chose to work here with
that determined across the entire charge surfece with the advantsge of its smaller
percent error. Only values so determined are tebulated and plotted in the rest of
the report.

The change in curvature noted sbove is not consistent with tThe Wood &;Kirkmocd#
theory nor with the Eyring5 theory. However, these data may be useful in modifying
the theories as time permits. For exemple, a condition can be put on the way the
detonation front meets the edge of the charge in the Eyring theory. This results
in a major reduction of the computed curvature. It is not known if the theory of

Wocd and Kirkwood can be modified to give radii of curvature whoses values differ

at the edge of the charge from that at the center of the charge. For these reasons,
the radii of curvature over the centrgl half of the AP charge faces, given in

Table 3,may be useful in testing any future modification of the curvature theories.

Fig. 6 shows the plot of R, v8 P, for the 9 n and 25 u AP. The small varia-
tions in diameter (2% or less) have been ignored on the assumption that any corres-
ponding effect on R, would be undetectable. No distinction has been made in

charge lengths of 203 to 457 mm because, as data in the next section will shcwv, :

R T T TR W o R o e N R T R X

charges from both batches of AP attain and maintain a constant R, over this range

of length. As in the case of Fig. 4 (D vs p,), the method of charge preparation

ERAS RS T

has been indicated in Fig. 6 It seems to have more effect on R, than on D.
Over the range of loading density for which charges were compacted in the

isostatic press, the trend shown in Fig. 6 for both batches of AP is a dacrease
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irn R, (increase in curvature) with an increase in Ppo. This is opposite in direc-
ticn o the trend Cock® reported for "ideal" explosives; he gives R, values for
the "non-ideal" at only one density. Fig. 6 shows a particle size effect on Ry;
for charges compacted in the isostatic press, R, decreases with increase in
initial particle size. This is the trend reported by Cook for both ideal and

. non-ideal explosives.

For the finer AP (N133), the trena found with the charges prepsred in the

§ s isostatic press can be reasonably extrapolated to the p, range of the charges
& 4 prepared in the hydrsulic press (See dashed line of Fig. 6). The rcatter of the
j * data in the latter region seems a bit more than twice that of the former. This

agrees with the poorer reproducibility found in hydraulically pressed charges.

For the coarser AP (N126), no analogously reasonable extrapolation is available.

Fe R ot gy s p vt

on going from charges rrepared in the isostatic press to those which were hand-
packed. For this material, loose packing seems to overwhelm the density effect

shown by pressed charges.

e L RN SR Y PR R et

Within the higher density region (1.19 to 1.38 g/cc) where the date seem to
establish velid trends, there is no apparent correlation between R, and D. In
particular, R, does not, like D, show a change indicating an approach to failure
conditions nor does it extrapolate to a value as low as 0.5 4 (25 mm) at p the Re
3 reported at dﬂ.2

Variation of Rp with Charge Length

Perhaps the most interesting result of the present study is the variatien

v of Rp with charge length found for several explosives. These will be described

in tur.

11
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AP

Table b contains radii of curvature for both 9 u and 25 u AP in charges
varying in length, [, from 2.5 to 23.0 cm. Values of Re in the fifth column
are determined from fitting Eq. 2 to points all the way across the charge.

For ﬁ £12.7 cm, Eq. 1 has also been used in the same manner, the results being
reported in column 6. For these date, there is little difference between the
results obtained from the two equations. Because the AP charges very rapldly
develop a constant R,, in the following discussions we will only refer to the
results obtained from Eq. 2 (col. 5); these are plotted in Fig. 7. Discussion
of this figure will be more understandable if we first review briefly some of
our general knowledge of shock-to-detonation transition.

The shock initiation of detonation depends upon the area of shock front in
the acceptor as well as the pressure-time history which that shocked areea experi-
ences. According to the particular combination of tﬁ;se factors, the detonation
induced in the acceptor nmay be temporarily under or overdriven. In the first case,
the shock induced reaction is highly exothermic but is sub-detonation. Consequently,
the energy of reaction exceeds the energy lost by eny dissipative processes until
the reaction has built up to its steady state. In the case of overdrive, a strong
shock initlates reaction at & higher temperature and pressure than the steady state
C-J values. Consequently, the excess energy is dissipated until the steady state
condition is reached. Overdrive (or underdrive) decreeses to a negligible amount
by the time the disturbence has travelled to ({/d) = 2 even when the donor and
acceptor are badly mismatched.l3

The data of Table 4 show that, for AP, R, decreases to the constant value
each attains at (f/d) > 1l.5.A similar decrease in D can be detected at the lowest

deneity. Thus our initiestion system of & detonator followed by a 25.4 mm long
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pentolite boester- overdrives the AP detonation, and the overdrive increases with

increasing perticle size. The detcnation front in AP does not exhibit a spherical
expansion, but rapidly attains constant R, a behavior reported by Cook2 for non-
idesl explosives. At small values of l, rowever, the Ref. (2) curves followe?l

the spherical expansion line, i.e., detonator initiation* (approximately, point
initiation) resulted in an underdriven detonation which built up to the steady
state.

It is concluded from the constant plateau values found in each case that plene
wave propegation of steady-state detonation in AP is impossibvle in 50 mm diam.
charges., Thus a plane wave booster would be expected to affect the wave shape only
in the transitionsl region in which the over boostering is fading out. This was

confirmed by shots 772 end T73 in which ca. 9 u AP (N:hO) at #, = 1.29 g/cc was

initiated with a PWB. At (£/d) of 1.0 and 2.0, the R, values were 61 and 66 mm,
respectively. The lavter value falls on Fig. T ebout where it should for 9 » AP,
i.e., linear interpolation on the density to 1.29 g/cc gives an R, value for AP
(W138) of 65 mm. Thuec the plateau region of Fig. T seems independent of the
original source of initiation. Hence there is no point to initiating AP with a
PWB for the electromagnetic studies. On the other hand, it secems safe to assume
that constant D and R, will have been attained at ({/d) = 1.5 instesd of only at
(l/d) 2 3.0 as we have been assuming. For steady state values then, we can use
shorter charges than we had thought necessary.

In the corrections we have recently used on our detonation velocity measure-

ments, we assumed: (1) spherical expansion of the detonation front and (2) an

* Where & booster was necessary, the detonator was placed in a 19 mm deep well in
a 25.% mn booster, - Unfortunately, Cook did not indicate whether his coarse TNT
and TNT/NaNO3 mix were cap sensitive or not. If not, the detonator would still
have been only 6.4 mm from the msin charge surface and hence approximated point
initiation better than the initiator of the present work.
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increase in R, as detonation passed from the booster (donor) te the main AP charge
fcceptor), Fig 7 shows that both of these assumptions are wrong for AP, For this
explosive, the uncorrected velocity (measured optically or with pins along the
chaurge surface) is also the axial velocity.

Finally, several non-detcnating charges (fading re action) were examined.
These data in Table 5 show no obvious change in R, witt failure to detonate;
the x-y data can be fitted to Eq. 1 or Eg. 2 as well as those from detonating
charges. However, the luminosity of the trace shows intaresting changes with
charge length., At f= 25.4 mm or ({/d) = 0.5, the effect of the booster is domi-
nant here as it is for the detonating charges. R, is T1 mm (Shot T54) as compared
to 72-7% mm in Pg. 7. In other words, at (//d) = 0.5, R, is the same regardless
of particle size, loading density, and whether the disturbance is a strong shock
or a true detonation. At (f/d) = 1.5 for the 26 u AP «t po = 1.435, R, is still
in the range of the Fig. 7 curves and the wave profile in AP at this density and
particle size has faded out at both edges (See Fig. 2, Shot 731) so that only 0.9
d is covered. An even better example of the progress of feding of the reaction
from the surface of the charge to its central axig is shown by this AP at
Py = 140 - L.h1 g/ce. This density is nearer the failure point (ca. 1.385 g/cc,
see Fig. It) and consequently the failing reaction persisis longer. At (£/a) = 3,
the wave profile still covers the diameter, but by (//d) = 3.5 only & very faint
trace can be seen vhich c.overs just the central third of the diameter.
M

The second explosive studied was low bulk density nitroguanidine, NQ-f, X547,
This was studied at 56% and 92% TMD rather than at 60 and 69% TMD as was the case
for AP.7 This greater spread in density may make the results differ significantly

from those for the AP. Data on results for both densities of NQ,-,e are given in
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Teble 6; the radii of curvature are shown in Fig. 8. Eq. 1 was used to fit the
data for the nigh density charges, Eq. 2 for the low density charges¥®. 1In other
words, the shock from the 1.65 g/cc material seems to expand more nearly radially
than does the 1.0 g/cc material. The solid diagonsl line in Fig. 8 represents
simple radial expansion with no regard for the booster cherge. Hence it is nct
surprising that the point for /= 76.2 mm lies sbove the solid line. The dashed
curve passes through two points as a straight line and extrapolates to an effec-
tive initiator length of 22 mm (i.e., f= -22.0 for R = 0), which is close to
the 25.4 mm booster length. This is reasorable since the pentolite booster and
the higher density NQ have nearly the same impedance. Radial expansion apparently
breaks down somewhere between f= 127 and 229 mm, or between ({/d) = 2.5 and k.5,
If the actual booster length is added to the length of the charge, we have break-
dovn between 3.0 and 5.0 for ['/d',ﬂ'- L+ 25.% mm. These numbers sre more sug-
gestive than accurate. For example, note the error bars which have been placed
on the points for b = 1.65 g/cc. These errors are based on one standard devia-
tion of the computed value of the quantity R, in Eq. 1., Obviously we need nore
data before we can be certain sbout the behavior of this material.

The behavior of NQ-,! at a density of 1.0 g/cc is much more similar to that
of AP, Equation 2 was used to fit these data and the results are shown in Fig.8
also. We find a constant vaelue of Ry of 9% mm beyond [: 76.2 mm. Hence this
material has a constant R, for ( ﬂd) >1.5. As in the case of the AP, this mater-
ial is possibly overboostered. Since our data show only the constant value of Re,
the estimate of effective initiator length (18 mm) can be only a lower limit
¥ Data of 1able 6 show that fitting the data for 1.65 g/cc with Eq. 2 givesa

trend of R, vs ﬁ/d that cannot be readily interpreted. The use of Eg. 1, however,
leads to the interpretation of the text.

15
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approximation. Again, more data are needed to clarify the situation completely.
We have, however, enough data to guide us in future work on 1.0 g/cc density
charges of NQ- [ in the electromagnetic experiments.

It is evident that for NQ- [, R, increasges as P, increases, the same trend as
that reported for ideal explosives by Cook? and the reverse of the trend found for
AP. The trend with density indicetes that NQ-,@ at Py = 0.4 g/cc will have
Re < 9% ma 2nd constant R, at (//a) 21.5. Hence the successful use of such low
density NQ in a piane wave gemmtorls must have resulted from overboostering
thae ¥Q.

TRT; o, = 1.081 g/ee.

Because NQ seems, in some ways, an atypical organic H.E., radius of curvature
measurements ware also carried out on low density TRT, X517. The data are given
ir Table 7. Although the scatter in R, is large, this would be expected because
of three difficulties in controlling charge preparation. These are large particle
size (ca. 200 1), low charge density (-~ 1.0 g/cc), and compaction in the hydraulic
yress, all factors which favor local irregularities in the charge. With allowance
for the larger scatter, it seems clear that low density TNT behaves like AP, i.e.,
has a constant R, at ({/d) >1.5.

Pressed RDX

The lowest density charges of RDX which could be prepared in the isostatic
press were those at about 1.3 g/cc. This material,X659, is fine grained and the
charges were expected to be of good quality. That is, isostatic pressing of a fine,
chemically homogeneous material usually results in uniform charges as was true in
this cese. Data for the experiments are given in Table 8; these are for detona-
tion velocity in RDX at 9, = 1.3 g/cc and for curvature studies in both boostered

charges of RIX and detonator initisted churges. Equation 1 was applied to data

16
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from these shots and the resulting values of R, are shown in Fig. 9. Again the
error bars are given by the computer program which fits the data -- we have not
analyzed ¢he situation for experimental errors, biased or unbiased. Although
the quality of the charges was excellent, the errors are surprisingly large for
hoth boostered and detonator initiated cherges. For both sets of data, we have
omitted from the graph the value of R, for,Z::QS.k mn. This was done hecause we
are not sure that the detonation velocity has reached a steady state at this dis-
tance -~ even for the boostered charge. If the veloeity is not constant, our
method of analysis bresks down -- see the derivations of Eg. 1 and 2.%

Discarding the data for l = 25.4 nm leaves only 2 points to establish a line
for radial expansion of the detonator initiated charges. This extrapolates to an
effective initiator length of 33 mm for RDX (po = 1.3 g/ce). That is, the front
appeared to have started 33 mm behind the charge. Certainly more data on curvature
and on detonstion velocity are needed in this case. We can hazard a guess that
the front is expanding radially out to [7@ of at least W.5.

The results for pentolite boostered, charges of RIX (ga = 1.3 g/ce) are also
shown in Fig. 9. These were obtained by using Eq. 1 (assuming radial expansion);
errors being estimated as outlined above. A straight line.(— - -— -) fits these
results fairly well, but it gives an effective initiator length of 63 mm. Sub-
tracting the 33 mm obtained sbove from the 63 mm effective initiator length, we
have 30 mm length of RDX (1.3 g/cc) equivalent to 25.4 mm pentolite (3.56 g/ecc).
: Inasmuch as the ratio of the impedences (pentolite/RDX) is 1,21, this seems a

reascnable equivalence. Apparently we do not have enough information on the
¥ Tae two points at £= 25.4 mn [(£/a) = 0.5] fall well below the curves of
Fig. 9. The measured front velocity at this location (see Table 8) supports
the suggestion that the steady state velocity had not yet been achieved.

It is also relevant to note that the initiator effect is still dominant at
this low value of (f/d) for AP. (See Fig. T).

17
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boostered system or on the detonator initiated system. We have, however, encugh
information on both systems so that we can design electromagnetic experiments for
measuring particle velocity with some assurance as to the amount of curvature to
expect in the detonation front. That is, the front in RDX (1.3 g/cc) expands
radially out to at least (f}/d) ~.k.5. This does not agree with the behavior
reported for 1.2 g/cc RIX in Fig 5.7a of Ref. 2. The difference might arise from
the density difference (1.2 gf/ce vs 1.3 g/cc); from a aifference in particle size;
or from a difference in data analysis.

The curvaturs of the detcnation front in tetryl charges has been reported
previouslyl. A 35 mm strzak camere was used in that work so that resolution of
both time and distance was not as good &s with the 70 mm camera now used. One
conseguence of tnis is tnat the data near the center of the charge were of low
significance. Thus the fit to Eq. ) was governed mostly by the data over the last
1.2 cm on each edge of the charge, and the requirement that the curve pass through
the points t = 0, x = 0. These data have been re-examined; they were fitted to
both Egs., 1 and 2 The main change is that the results for the 200 mm long
charges now lie close to the radial expansion line rather than above i%, see
Fig. 10. This is probably due to an improvement in the computer cocde. Plotting
the experimental data and the values computed from the new fit clearly demonstrate
that the new fit is superior for a 200 mm long charge. Tetryl (po = 1.51 g/cc)
exhibits radial expansion out to 200 mm, (//a) = 4, as stated previously.

Summary R. vs i Fig. 11 summarizes the R, vs Z measurements we have made and

reported. Though by no means a complete survey, it strongly indicates that any
low density (p, ~ 1.0 g/ce) explosive will rapidly attain a constant R, at
(//a) = 1.5 whether the explosive is ideal or non-ideal. High density conventionel

explosives, e.g., tetryl at 87¢% TMD, exhibit a geometrical spherical expansion of
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the detonation front atll/d < 4,0, There may be cases intermediate tetween these
two extremes, c.u., NQ at 92% TMD. In addition to 0 R, depends on the nature of
the material and on its particle size.

Estimates of Reaction Zone Lengtb

L

The VWood and Kirkwool curved front theory™ derives the relstionship

z = (s/3.5)(1-D/D; ) (%)
where z is the reaction zone length, S is the radius of curvature R,,and the
numeric tactor is somewhat arbitrary. For H.E. showing constant s at (f/d) 2 1.5,z
can be computed from our present dats although the results <for NQ and TNT will be
only approximate. For expanding fronts, if we assume z constant, then s and D
must change together. Computation of z then requires at least a pair of (s,D)
values; many rairs would be prefersble. Good derived z values for tetryl, and
£-. RDX camnot be obteined without much more precise measurement of both D and
Re vs £, but an estimate of the size of z can be made.

Table 9 contains the results, and the z values for the two APs are plotted
in Fig. 128; Fig. 12b shows the "a" values computed from the original curved front
theory5 and reported for two different particle size APs in previous work6.

Fig. 12a shows first that the density has only a small sbsolute effect on the z
value. For the 25 u AP, whatever that effect is, it is submerged in the general
scatter of the results. In the case of the 9 p AP, the trend is quite smooth:

z decreases with increasing p, to a minimum at 1.2 g/cc after which it increascs
again. The minimum occurs at about the density where the D vs p, curve departs
from linearity (see Fig. 4). The z value for the finer material is less than that
for the coarser, but the ratio value is 0.24 to 0.19 whereas the § ratio of 9/25
is 0.36. Hence the ratio of these nominal reaction zone lengths, z, does not
equal the ratio of the average particle sizes as did the ratio of the nominal

zone lengths & 6.
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In Fig. 12b, from a previous reports, both the 25 B and the 10 p material
s.ow & v8 p, curves at p; <1.0 g/cc very similar to the z vs p, curve of t.e
fine AP in Fig. 12a. Since the earlier work was done, we have foundi? that for
AP at o, > 1 g/=c our diameter series, terminating at ¢ = 7.6 cm, is inadequate
for extrapolation to Di values; in rarticular, the slope of the D vs a-1 curve
is too steep. (Also see Appendix) Because "a" is directly proporticnal to that
slope, the a values at p, >1.0 g/cc in Fig. 12b are all too aigh, and because
the error increases wita the density, 1t is probably responsibvle for the sharp
increase in “a" indicated at higher P in Fig. 12b. In the region where this
error does not occur, i.e., p <1.0 gfce, the a/z ratio for the 25 B AP {N126
in both cases) is about 3.0. The 9 | AP value of z can be approximately adjusted
to that for 10 p by assuming proportionality between z and §. Then the a/z
ratio for 10, AP is 3.9. For AP at low g, the a/z ratio seems to be appreciably
less than the value of T reported for conventional H.E.IT.

The value of z for the 9 p AP at 1.3 g/ce (1.10 mn) is quite close to a pre-
1liminary measurement of the zone by the electro-magnetic method (1.1 to 1.7 mm at
1.29 g/cc). The z value for low p, TNT compares fairly well with measuremental8
(1.2 vs 1.6 mm) but that for moderate p, RDX does not (0.2 mm vs 0.6 to 0.9 mm).
In both these cases, however, tune agreement or disagreement could result from
very small errors in the value of D used. For example, Table 8 lists three accep-
table experimental values of D for RDX; eech is within 0.66 of Dy. For spherical
expansion of the detonation front, R, and D are both assumed to increase with
(£/4) until ideal values ( ®and Dy) are reached. Hence the two values of D< Dj
of Table 8 were chosen to compute z (Table 9); the apparent agreement for the two
results is probably fortuitous and depends on the differer £ 0.02 mm/psec in
D which 18 well below our experimental resolution. Future work will include addi-
tional investigation of experimental measurement and methods of computation of

resction zone lengths.
20
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SUMMARY AND CONCLUSIONS

™e present study of curvature of t-e detonation front was carried out at

constant diameter (~50 mm). Hence no information on the e’fect of d on R, was

obtained although d is considered one of the variables whici. determine R,.

Information obtained in the study follows:

ll

Non-planar detonation fronts are well approximated by a spherical
ghape; edge effects ere small.

Re is a function of the chemical myterial, its particle size §, and
its py. R, increases wit' decreasing 5. Ry may increase with in-
ereasing o (e.g., NQ) or decrease with increasing o (e.g., AP).
The effect of o MBY be associated with Group 1 or Group 2 classi-
fication.

Any charge having s < 1.0 g/cc appears to have a constant R,,
rapidly attained, and independent of the type of initiation. For
point iuitiation, constant R, is established at (f/d) > 1.5.

AP exhibits rapidly attained constant curvature of the detonation
front over the density range in which it 1s detonable, whereas
tetryl (and presumsbly other conventional H.E.) at high p, (=874 TMD)
exnibits e geometrical spuerical expansion with £/d.

NQ may be excluded from "conventional” H.E. since at $2% TMD

it appears to exhibit a behavior intermediate between that of

AP and that of tetryl at 8T7% TMD.

From the standpoint of failure theory, the behavior of suberitical
charges is of much interest. Strongly boostered, suberitical

charges show failure starting with quenching of the reaction at

21
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the charge surface and working toward the axis. There is no
marked increase in R, during this process, nor does K, seem

to decrease to 0.5 4 at d = d,.

The method of correcting our measured D values3 is not Applicable
to any charge st 6 ~1.0 g/cc or to any charge of AP, It does
seem to be appliceble to most high density organic H.E. &lthough
it is only partially so to NQ at 9% T™MD. Consequently we can
use this correcticn only in the specisl cases where we know or
have shown by test that it is wvalid.

In the electromegnetic measurement of particle velocity a plane
wave booster cannot produce a steady state planar detonation in
AP charges or (provably) any other charges of p, ~ 1.0 g/ce. For
these charges, the constant D and R, will be establisned at

(£/3) >1.5. {We have previously assumed that (f/d) >3 is necessary).
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Table 1

DETONATION VELOCITY DATA FOR AP's

£y d D
— Suot No. fg/ez) (upn) (mm/usec)
AP(N138) 8.9p

a.
b.
c.

651
654

TOh-1
705-1
706-1
710-1

652

602
590

693
703
69l
Tk
695

689
691
69C
T02
692

. ___ _Comment e

0.62Th 50.8 2.452
0.633h 50.8 2.502
0.920H 50.6% 3.286
0.920H 50.6% 3.302
0.9700 50.6% 3.459
0.9T0H 50.6% 3.394
1.02CH 50.3 3.558
1.020H 50.3 3.599
1.19064 49.9 3,985
1.2991 49.9 4.008
1.3454 49.9 4.190
1.3541 L49.9 k4.340
1.3841 49.8 4,317
1.4113 49.9 F
1.4871 149.9 F
AP(M.36)° 8.k
1.07T4E 50.8 3.713
1.290i 50.8 4,188
AP(N126)C 25u
0.901h 2,134
1.001h 2.393
1.008h 2.h01
1.101h 2.586
1.10lh 2,683
1.2064 2.794
1.2461 2.859
1.3021 2.860
1,3461 2.612
1.3861 (2.475)F

Poor quality charge and trace.

Marginal for detonation.

Charge length 196.9 mm; all others 228.6 mm
See Appendix for additional data
d = 50,8 mn, all charges
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Table 2
SUBCRITICAL REACTIONS IN 9p AP(N138)

Ax/At (mm/psec)

Mid-Pin Location po = 1.59 fo = 1.635
wm g[cc ce
25.4 L. 47 4,58
50.8 k.39 4,62
76.2 h. 43 4.40

101.6 4.37 k,15
127.0 h,17 3.50
152.4 3.64 2.70
177.8 3.42 1.83
203.2 2,43 1.37
228.5 1.93 No reeding. Last

twe inches of tube
recovered undamaged
except split in two.

Charges in seamless steel tubes 3.65 em I,D., 4.76 em 0.D.,
20.5 cm length.

Booster of 50/50 pentolite (1.56 g/cc), 5.08 cm diam x 5.08
cm long

Pins spaced at 25.4 mm intervals starting 12.7 mm from
booster surface
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Table 3

OF DENSITY IN AP

R, (* % error), mm

Middle of Front

9T.8(k. b7
86.4(2.0L
81.6(1.69
88.8(2.3h
88.7(2.78
75.1(3.12
76.5(1.82
L. 4 1.75
T6.3(1.52)
56.8 1.72&
62.3 1.38
T0.1(1. 37;
63.1(2. 41
54,9(1.71)
50, 3(1.07)
L, 4(1.68)
5k.7(0.69)

Shot No. £, (g/cc) Yhole Front
9 1 AP(N138)
725 0. 9221 70.3(1.57)
T34 1. 020H* 76.6(1.23
666 1.075H 75.8(1.52
66T 1.075H ™.5(1.57
668 1.075H 70.9 1.502
713 1,1911% 66.3(1.26)
11 1.2981% 67.0(1.35)
b8 1.347i% 63.2(1.22)
735 1.376i% 64.9(1.14)
25 p AP(N126)

723 1.001h 51,0 1.17;
Tk 1.101h 55.2(0.85
656 1.191i% 60.4(1.60)
662 1.2581 53.1{0.96)
674 1.2734ib 52,0(0.564)
67T 1.3381 k3.5§o.86)
676 1.3391 kh,7(0.82)
685 1.3734¢ 46,8(1.01)

*d = 49,9 mn, For all other charges, d = 50.8 mm

a., 203.2 mm long

b. 45T.2mm long. All others 228.6 mm long
¢. This density may be above p,; see Fig. 4.
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Table bt

RADIUS OF CURVATURE
Ve
CHARGE LENGTH YOR AP

Re (* % exror), mm

Apparent D
Shot No. g (gfecy f(mm) mm/usec From Eq. 2  From Eg. 1

9 p (M138)
42 1.191 25.4 4,27 7&.2&1.12) 7%.5(2.2)
743 1.191 25,4 h,27 72.2(1.12)  72.1(2.5}
726 1.193 76.2 4,08 67.8(0.95)  68.5{1.7)
27 1.101 101.2 3.99 69.7§1.25) €8.5(1.4)
728 1.200 127,0 L, 058 67.7(1.26)  68.3(1.8)
729 1.1901 177.8 3.99 68.8(1.19$ -
713 1.191 228, 3.99 66.3(1.26) -
Thh 1.342 25.% k.36 72.6(1.29) 73.1(2.0)
Th5 1.345 70.2 .36 eh.0(1.14)  65.3(2.4)
™6 1.358 127.0 L 46 63.6(1.31)  64.L4(2.3)
T 1.348 177.8 4,36 63.511.10; -
48 1347  228.6 4.36 53.2(1.22 -

25 u (N1L26)
756 1.296 25.4 3.53 71.9%1.71)
757 1.296 76.2 3.62 49.0(0.78)
b 1,296 228.6 - 49.3 -

% All charges prepared in isostatic press; 4 = 49.9, 50.8 mn for N138 and
N126, respectively.
- a. Correct to 4,02 for density of 1L.101
b. Read from Fig. 6.

39
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Table 5

FRONT CURVATURE FOUND 1N SUBDETONATION
REACTION OF AP CHARGES

Shot No. p.(g/ce) f(om)

753
54

755

683
682

730
731

D(mm/usec) R, (+ % error) mm

Comment

1,k114
1.4091

1.4091

1.3991
1.4081

1.h35%
1.14353

9 u AP(N138)
76.2  (4.385)
25.4 L. L47e 70.7(1.17)
76.2  L,38% 61.0(0.96)
26 p AP(N126)
152.4 Not read
177.8 Not read
76.2  2.hhx* 59.7(0.81)
11,3 2.kh* 48,9(1.05)

* Shock velocity used in computing R,

1)

Obvious curvature

Trace covers
charge diam

Trace covers
charge diam

Trace covers
charge diam
Very faint trace
covers only
central third
of diam

Trace covers
charge diam

Trace covers
only 90% diem;
see Fig. 2a
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Taeble T

RADIUS OF CURVATURE MEASURRMENTS CN TNT, X5172
AT o, = 1.081 g/ce

Shot No. £ () Rg (m)P
782 76.2 95.6¢
783 76.2 86.5 Av. 92,04 (4/d4) = 1.82
T84 127.0 88.1
785 228.6 97.3

A1l charges were 508 mm diem and were prepared in the
hydraulic press

e. Rotap sieve analysis on 100g sample:

Retained on

Screen No. we. (g)
30(590 u 0
50(297 u 5.20

100(149 u) 67.20

140(105 ) 26.50

Pan 0.10

99.00

Averasge particle size ca. 200 p

b. D of 4.8 mm/usec (about 8% below ideal) used to convert
measured time to distance. The larger correction to Dy
than that of Teble 6 for NQ-f was an estimate for the
different charge preparation.

¢. Bottom part of this trace was blocked out; cause unknown,
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Table 9

NOMINAL REACTION ZONE LENGYHS (z)
COMPUTED FROM EQ. L4

Velocity (mm/usec)
D Curvature Zone
' (a = 50.8) ssmmg 2z (mn
) c Fig. b Dy ¥ Figs, 6 & 11  Eq.
2 i AP
0.9 3.23 3.464 75.2 1.45
1.0 3.49 3.722 T2.7T 1.30
1.1 3.76 3.980 70.3 1.1
1.2 L, o1 L, 237 67.8 1.04
1.3 k.23 4, kos 65.4 1.10
1.35 4.30 L, 62L 64.1 1.28
25 u AP
1.0 2.38 3.722 50.8 5.23
1.1 2.62 3.980 55.0 5.36
1.2 2.81 4, 237 59.3 5.69
1.3 2.83 k. ho5 48.8 5.15
1.35 2.68 4,624 43.5 5.21
.NQ-Z
1.001 5.2% 5.455 ol 1.3
INT
: 1.081 5. 0T* 5.318 02 1.2
; RDX
‘ 1.30 7.01* 7.05 130.5 0.21
¥Better values needed -- especially for TNT for which (Dj - D) was equated

to thy 5 found for NQ-{ (1 g/cc).
¥*Respective references are: AP, (12); NQ, (7); TNT and RDX, (16).
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APPENDIX

Additional Data on AP's

When NCS¥ began preparing batches of AP which were obviously finer than the
10 1 average particle size of cur initial works, one more attempt was made to
obtain higher density D vs d date (with d < 7.6 cm#*) which extrapolate to the
Dy v8 p, curve derived at p, = 1.0 g/ccla. Table Al contains the D va d data
for 8.4 1+ AP (N136) at 1.07h and 1.30 g/cc. Fig. Al shows the extrapolation
and Tsble Al compares the values so obtained with Dy given by the anslyticel
expression of Ref. {12). When the series is terminated at 4 = 7.6 cm, the extra-
polated value is greater than the analytical by 4% at 9, = 1.0Tk g/cc and by 12%
at o = 1.30 g/cc. These are sabouit the size differences found in the previous
work. It should be noted that some of the difference found can be attributed
to omitting the correction (now shown inapplicable to AP charges) to the measured
D values. If such a correction were used, the difference (at p, = 1.07h g/ec)
would have been reduced to 2% but would not have been eliminated.

An :pparent sging effect (decrease of D) in AP was reported earlierl2,
This has been confirmed by the results on 25 u AP reported in the text as well
as those shown in Table A2 for an 8.8 4 AP. The difference found is small but
consistent, a decrease of sbout 5% in D with age. Differences with age can some-
times be seen in the AP. Thus the N139 of Table A2, although it had been opened
only in a dry box or heated in & vacuum oven, showed some caking with age and had
to be rolled before making charges T2l and 722, Because we cannot handle this
fine AP without csusing some agglomeration, henceéforth charges will be made from

it without any oven treatment of the AP.

*Naval Ordnence Station, Indian Head, Maryland.
#*Charges small enough to do no damage to our bombproof equipment.

A=l
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Table Al
D VS & DATA FOR AP(NL36), S.hp
) Di mm/ps
i Shot No. d (em) 0_{g/ec) D (rm/usec) Extrap. Ref (12)
599 2,54 1.072H 3.026
600 3.495 1.0T3H 3.525
602 5.08 1.0T4E 3.713
603 T.62 1,073H 3.837
4,06 3.91
587 2.5k 1.3043 (2.7T49)F
588 3.1495 1.3021 3. T87*
590 5.08 1.2904i 4,188
561 7.62 1.2951 L, 461
5.04 4.49

¥ Poor record.

A-S




TR R g,

VR e BT e

T R R AR,

MOLTR 69-235

Table A2

AGING EFFECT ON AP(N139), 8.8 p

Shot No, d (mm)

672 50.6
673 50.6

T21 50.8
Te2 50.8

Charge Length: 228.6 mm

3 ce

10 006H
1. 006H

1.001H
.. OOlH

Date

1

Lo/e8 b

D (mmz p.sec)

3.466
3.508

Av, 3.49

3.315
3.292

Av. 3.30
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