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ALUMINIZED ORGANIC EXPLOSIVES

Prepared by:
Donna Price

ABSTRACT: Available detonation velocity (D) and pressure data for
aluminized organic explesives have been reviewed. The observed
Gecrease in D caused by addition of aluminum can be explained theo-
retically on the basis of entrainment and a small amount of
compression of the Al. But the large particle size effect and tne
porosity effect cannot be so explained. It has been suggestsd that
an endothermic reaction could explain *he enhanced effect on D with
decreased particle siz2 of the Al. Consideration of recent studies,
however, leads to the conclusion tha. Al is chemically inert during
detonation. Hence, the particle size effect and also the porosity
effect seem better explained by heat transfer to the Al.

Chemistry Research Department
U. S. Naval Ordnance Laboratory
White Oak, Silver Spring, Maryland
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ALUMINIZED ORGANIC EXPLOSIVES

This work was carried out under tasks MAT 03L 0C0/R011 01 01 FR 59
and ORDTASK 033 102 F009 06 01 which has now been terminated. It
was done to provide a comparison between aluminized organic explo-
sives and aluminized ammonium perchlorate, the subject of a special
study described in a parallel report. The present results and
conclusinns on aluminized H.E. should be of general interest in the

area of explosive effects.

ROBERT WILLIAMSON II
Captain, USN
Commander
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INTRODUCTION

About 13 years ago the writer reviewed the literature and
available data for aluminized organic H.E. At that time the various
investigators agreed on one point, namely, that aluminum lowers the
detonation velocity (D) of H.E. On the question of how it caused
the lowering, there was violent disagreement. It is the purpose of
the present report to review more recent data ané to reassess our
knowledge of aluminized explosives with particular emphasis on the
effect on D of adding Al to organic H.E.

A most helpful current publication! presents data on the effect
of adding 0 to 15% by volume of 5Su Al to HMX/Viton, 85/15. The
motion of the metal walls in the cylinder test was used to compute
the energy release of the test explosive relative to that of HMX.

The most important contribution of reference (1) to this review is
that the reaction of aluminum with the detonation products did con-
tribute to the energy release but not until 4 upsec after the
detonation. Its maximum contribution was reached at about 13 usec at
an energy indicating complete reaction (by relative Ruby cod- results)
of half the Al present in a one-inch dia cylinder test. Thi. seems
strong evidence that finely divided Al does not react chemically with
the detonation products of organic explosives in time to affrct D,
i.e., in times of 0.1 usec and less. It is not conclusive be ‘1se
there is the possibility of a rapid endothermic reaction. However,
equilibrium computatioas have not, as yet, revealed such an endo-
thermic reaction that is thermodynamically possible.

It was, and is, generally agreed that admixed aluminum in
sufliciently <ine form will react exothermally in time to contribute
to some effects. Inasmuch as the time available for contribution in
the NOL fragmentation test is about 15 usec?, 5y Al should have a
significant effect on the fragmenting ability of charges in that
particular test configuration. For blast and underwater damage,
the avaiiable time for reaction is one to two orders of magnitude
greater for one-pound charges, and even larger for larger charges.
It is common knowledge that even coarse Al can increase the damage
in such cases.

EFFECT OF ALUMINUM ON DETONATION VELOCITY

On the evidence given above, it seems likely that the Al in an
organic H.E. is an inert diluent as far as its effect on D is
concerned. Since it does lower D, it must do so by decreasing the
energy available for propagating the front by one or more of the
following mechanisms:
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a. entrainment in the gas products,
b. absorption of heat,
c. compression.

In an earlier study of solid diluents in H.E.?®, we found that air
(or voids) was the most efficient diluent available for lowering D.
To take care of this very large effect in porous charges, valid
comparison of solid diluents must be made at equal volume fractions
of air (yz). Comparisons at the same absolute density, although still

popular, are invalid.

Thus, examination of NOL data for aluminized TNT, RDX, and
TNETB* revealed that the void content of the charge was of comparable
importance with the Al content in determining the extent to which D
is lowered. Hence, all curves here are given in the form

D(A,u) = a(u) + b(wA (1)

where A is the ratio Py/Py (actual density to voidless density) and
u = d7' is the reciprocal diameter. Comparisons are then carried
out at the same A value.

The best measure of the effect of Al on D would be given by the
infinite diameter results:

Dij(A) = ag + bpb (2)

where ap and by are constants and specific to the chemistry of the
explosive tested. Unfortunately, the few diameter studies®* available
produce data far toc sprarse to measure the eifect of Al. Conse-
quently we have used the NOL data®, obtained at a constant dia of
50.8 mm, and have rejected all data for solid diluent contents above
about 32 weight %. There are two reasons for this. First, any
diameter effect on the measured rate would be expected to increase
with increasing amounts of an inert diluent. Second, several of the
curves, b(u) vs % Al, show a sharp change of slope at this point."

It is hoped that the trends obtained at d = 50.8 mm will not be too
distorted by the diameter effect and hence will not differ greatly
from those that would be obtained at u = 0, provided % diluent S 32%.

TNT Mixtures

Figure la shows the effect of Al on lowering the detonation
velocity of TNT as D vs A curves for 0 to 32% Al. In this case,
all charges had a diameter of 50.8 mm and the Al was Navy Spec.
atomized material which passed through a No. 100 sieve (149y opening).
Figure 1b shows analogous curves for the effect of NaCl as a diluent.

*O0ne on HBX-1 and one on a tr-tonal."
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In these charges, the NaCl was -20 + 28 mesh (840 - 590u) and the

charge diameter was unspecified although it was intended to be

large enough to produce infinite diameter D values.® Figure 1

compares the effect of the two diluents at the same A and at various )
weight fractions of the 4. .uznt. A somewhat better comparison is

on an equal volume basis® this assures that diluents will be compzred

at the same yo (vol ne fraccion) of the energy producing organic

explosive. The diluent effect on D can be expressed by the ratio :
D/Dy where Dy is the velcocity of the undiluted TNT at the same A

value. Figure 2 shows curve. of D/Dy vs yg (volume fraction of

diuent) at 4 valies of 0.95 and 0.80. It is quite evident that at

equal volun- fractions, sali lowers the rate more than Al if the

charge is r -ar vcidless deni.ity, whereas the roles of the diluents

are revers for .ior- porous charges. leglect of this large porosity

AR ot L2 2AY & & P B A 2B AL L S \ml{\lu\ At o

effect acc. 's *or much of the confision in the older literature on
the extent . whiech a. !ition of Al affects . Both Figures 1 and 2
show that tt. il =ut «.1 t, (ths lowering of L) incrzases as the
pcrosity inc 2ases; . ¢ , therefcre, easier to measure at low A.

In addition to tne compaction and the diameter effect, one other
factor that stould be contrclled for valid results is the particle
size and shape. The effect of this last factor was not studied in
the initial NOL ,rk. Its importance is demonstrated, however, in
data published by Dremin et al.® These workers were well aware of
the impertance of por ,sity, and made their measurements at 85.0 and
96.5% TMD. The D vs A lines, each ccnstructed from the reported pairs
of experimental points, are shown in Figure 3 in which the TNT/Al,
85/15, curves are very similar to those of Figure la. But Figure 3
supplies the additional information that 270u Al has little eor no
effect on D whereas C.2uy Al has a very large effect. (There was also
one measuremenc made with 80u Al at 85% TMD; that showed an inter-

mediate effect.)

If the lOL data of Figure la are interpolated to TNT/Al, 85/15,
they give & value of 6.10 mm/usec at A = 9.85. Moreover, the data of
reference (5), when plotted D vs §(average particle size) or, better,
D vs log 6§, as in Figure 4, give reasonably smooth curves. Entering
them at the NOL value of D for this composition (crosses on Figure 4)
shows corresponding § values of 22 and 18y respectively. On this
basis, the Al used in the NOL work appears to have had an effective
diameter of atout 20u on the scale of reference (6). In this case,
the charge diameter is not given; hence, the particle size scale may
be influenced by a charge diamzter effect.

To return to Figure 3, the curve for 85/15, TNT/fine W, is
also shown from the reference (6) data. 1In this case, extrapolation
to A = 1 does not give the 100/0 value of D, as seems to be the
case for TNT/Al, but falls somewhat below it (by less than 3%). It
is similar to results of the same extrapolation for NaCl; in Figure 1b
the curve for TNT/NaCl, 70/30, extrapolates to about 6% below the TNT

value at & = 1.
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FIG. 3 EFFECT OF 15% DILUENT ON DETONATION VELOCITY OF TNT

1 gt

)
T
TN F I A 3 2 R T Vo F TSRt £ oMTr v U7 Firk ind KPS F b 44

M

AL R R s o B e K H S AR S B S T T TH TR IS T s




T ere i 9 Y ﬂ

R

i £S5

s

N P aase

ST R S SN S

e AR

tacd

ot

TV Iy e

FEE

&

R, AT

£x

GRNEIE ET G

=St

fare

i

V«ﬂw RSN L

S RTINS T AN A AN T SO A I ME N R AR g NG R 0 RO R B W T N T P B R G W A KA AT SN T ™Ay R B R NS TV RTINS

%gmg. e

™ S - P P - —

(58°0 = V) WNANIWNTVY 4O 3ZIS 31D1L4Vd
HLIM ‘€1/68 “IV/INL 40 ALIDOT3A NOILYNOL3A 4O NOILVIIVA ¢ *Old

g Boq (7) 8 3ZIS 31DILYVd FOVYIAY
H t 0 {- 00¢ 0ce oot

TN G A CRY PRIy

NOLTR 72-52

! f | | |

— L' LS
o
|
o g's 9
o 3 >
— 09> S
@ 4
X o é6'S <
2
— £'9 0°'9 m
-
>
1l
o
X L' &
(w)
E)
ALIINS
8
o

——
£'9
(9) 434 WO¥d Vviva
p'9
6 N ORI S TR TR TP VRPNE SRR VIR TS0 YW FRRLY x P ot IS LIRSS WAL A TS AR R BIEN
" T ,f..,‘..,n‘.,,m..m et RO ST PR e HL! S gy A e 2P i A e Wx s

%.i@u%!&.q?dﬁﬁi)ﬁiﬁd
.
u

Graita

.

SN -




y B S R B2 R RN T R R R s SR M s 1 ,m\%
- =Y

RISy

P R S Y

¢ omnwna

NOLTR 72-62

Dremin et al. also renorted results from charges containing 15% of
fine and of coarse Si0;. At 85% TMD, these iie above the TNT/G.2p
Al curve; at 96.5% TMD, below it. The sharp change in the effect
of this diluent was attributed to a phase change in the Si0O,.* Hence,
thic component is not comparable to the others (Al, W, NaCl) which
show no such anomalous effect. Certainly the date cannot be used
to construct a D-A curve if the diluent is in different phases at the
two & values. Conseque:r.tly, no curve for TNT/SiO,, 85/15,is given in

Figure 4.

Reference (3) reviewed the attempts to predict D of organic
explosives to which inert sclid diluents had been added. None of
the models was completely successful and only one (that considering
he2t transfer) incorporated the effect of particie size. The work
did, however, give guidance in the dependence of D/Dy on volume
fraction of the diluent (yg), denclty of diluent (Pg4 % and compressi-
bility of diluent {a). Patterson’ assumed the diluent chemically
inert but entrained in the detonation reaction products. He then

derived the relation

D/Da = v pe;_Vepv (3)

where y, is the volume fraction of the explosive, Pe the density of
the exploav‘> (1.654g/cc for TNT) and Py the density of the »01d1ess
mixture, H.E.’diluent. On the other hand, Copp & Ubbelohd=?® assumed
that the inert diluent is not entrained but is heated both by ccm-
pression and heat conduction from the hot detoraticn products. They
felt that their experimental data (D measured on heavily cased
charges of TNT mixtures ircluding TNT/Al) were satisfactorily
reproduced by their ccmputations based on th2se assumptions. To
compute D, they used Marshalli's equation

D(mm/usec) = 0.430 /nT + 3.5(P5-1) (%)

where n is the number of moles of gas procuced per gram of explosive,
Po is the loading density, and T is the effective detonation
temperature. Obviously a good many other assumptions had to be

made to ccmpute T3 the final results gave the right order of magnri-
tude for the diluent compressibilities, but sometimes inverted the
rating between twce materials.

The writer found that Equation (3) held fairly well for metals and
simple inorganic compounds as diluvents of TNT, but was guice inade-
quate for dilution with air or a plastic.® The available date on
diluents were insufficient to test the Copp & Ubbeichde treatment.
Instead, an expression for the effact of entrainment was derived.

This was:

*Occurrence of a phase change in S$i0, in this pressure range has
been verified. See, e.g., footnote aa of Table 1.
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ue

D/Dy % (1 + C.5 yg)(1 - 0.58 yy)

21+ 0.5 vyg (1 ~B8), yg small (5)

where B = (pgq - pg)/0e. Equation (5) is an approximate form of
- Equation (3) showing the dependerce on yg4q. When this equat;on was
modified to incliude heating the diluent by compression, it became

IR P Rt i i} o 37 SR o |

F
:
:

:
-y
E 2
: B,
1

- D/B, = 1 # yd(O.S ~.0.58 - ax), ¥4 small (6)

where the diluent compressibility n = 1 - pg/eg', a = pj/(py - Pel*,
Pq' is the density of the shocked diluent and p3 is tne C-J density
of the pure explosive. The approx*mace LlnearLty of 5/D, with yg for
s small y4y was substantiated with a number of sclida diluents.
; Figure g demonstrates it for Al and #sCl.

& o)

W

. By Equation {6), the older data® indicate a compressibility of

- 12% for NaCl; the data of Figure 2 (for NaCl coavrser than 500u), 16%.
Interestingly enough, Copp & Unbelohde found 13 tc 15% for NaCl of an
average particle size of about uzZp. When so many variables are
involved, the val:e indicated for @ does nct seem a very sensitive
test of the initial assumptions.

el ey AL AR

Y

With the same procedure at 4 = 0.95, the NOL data (Figure ia}
indicate a(20u Al) = 0.072 whereas from Figure 3 cdata, a(0.2u Al) =
0.154. In other words, «{Al) sppears sensitive to a paruvicle size
effect whereas a(NaCl) does not.** The simplest explanation is that
NaCl acts to lower D chiefly by 1i*ts compressibility and, because of

4
<
%
)
g
g
i<

EE its poor thermal conductivity, is not much affected by particle size;
i whereas metals, which are good thermal conductors, can absorb heat

e from the hot detonation product gases. For this mechanism the total
E amount of metal surface exposed to the gases and hence the particle
2 size would have a large effect. Thus for Al and cther metals
Equation (6), which omits the heat absorption mechanism, is probably
incomplete and certainly inadejuate.

A e

; If y is estimated from data of Figure 2b(4 = C.80 instead cf 0.95)
and Equation (6), the value found for Al is nearly triple that

calculated for tne less perous charge; the computed ¢ value for NaCl,
however, changes only about 10% with the same change in porosity.
. This again cuggests the need to supplement Equation (6) with some

ke consideration of heat absorption by <he “ditueat. Such 2n effect
will be small at any porosity for nonconductors sucn as NaCl; it
evidently increases with porﬂ;ity for meta7s, as 1is reasonable in
- view cf the incr easzng accessibility of zurfaces for thermal transfer
E- and the increase in cetounaticn reaction time, i,e., in.reased
. exposure time of diluent.

TR LA O R TS

\

o
.y

-

*Derived for a4 = 1, a = k + 1 where k is the adiabatic exponent for

IS

1. the explosive at its crystal density. Tne value of a used for TNT in
3 reference (3) was 4.32. The velue used nere is 3.85 in agreement
with recent Ruby code rasults for TNT.

**See also rerference (3).
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In summary, TNT/Al, like the TNT/inert mixtures of reference (37,
shows a linear varlatlon of D/Dy with y4, the volume fraction of the
diluent. There is evidence from both particle size and por031ty
effects that Equation (6) is adequate orly when the diluent is in a
coarse form, e.g., average partlcle size greater than 250u, or is a
thermal insulator or both. Otherwise, it reguires a modification
to account for heat transfer to the diluent particles; this transfer
is particularly important for metals (good heat c¢onductors).

s

2 dis

N
pis

Lo .
n TRl R,

Equation (6) serves to emphasize the necessity of making
comparisons at equal volume instead of at equal weight fraction of
the diluents. It also shows how two diluvents of the same dansity
(same $ value) can have different effects on D vy virtue of different
compressibilities. The present discussicn has also pointed out the
possibility of different thermal properties effecting different
amounts of lowering of the detonation velocity.
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e Table 1 shows what are considered the important properties of the
A diluent in determining its effect on D. It includes the diluents

& Al, NaCl, W, and 35i0,. As would be expected, the thermal conductivity
of the metals is two orders of magnitude greater than that of the
non-metals. Al is a better conductor than W when both are solids;
with liquid Al (m.p. 660°C), the relationship is reversed. It takes
& very nearly the same amount of heat to raise equal volumes of solid

o Al and W to the same temperature, and that amount is about 30% greater
than the thermal energy rejuired to heat the same volume of NaCl or
Si0, to the same temperature. he major difference in energy absorbed
in the short (detonation reaction) times will therefore Le determined
by the rate at which heat can flow in, i.e., by the thermal conduc-

3 tivity of the material. Thus, the effect of equal volumes of Al and

e W at (nearly) the same particle size distribution® shculd be about

b the same as comrared to the very different effects of diluents such

R as NaCl and SiC,.

PSS rA b

No attempt will be made here to develop a model accounting for

g the effects oii D of diluent density, compressibiiity, thermal

E- diffusivity, and charge porosity. Rather. I will present a method

= of treating the relatively few Jdata available so that some conclusions
" can be drawn about the effect of different diluents.

To compute the extent of the lown.inz of D from the Jata measured
over a range in A, Egquations (1) or .2) might be used to give

<
DR i

N
i

(72

D/D, = 22
a ae
Where the subscript e dcsignates the explosive matrix of the diluted

mixture. However, the form of Equation (7) is a bit awkward: it is
more ccnvenient to use the form

L'rll v

(A2

L.
el.}

L)
2y, J;,:v“.‘ A

; *These two conditions cannot b2 =2xact
- unless the diluents have equal densit
considered later.

y satisfied simultansously
es is p

1
ti tr‘ctloﬁ will be
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D = AA" (8

so that
D/Dy = Aabn (9)

where A = A/Ae = 1 and &n = (n - ne). Since A is the value of D at
A = 1, the approximation A = 1 is best for TNT/Al mixtures and
poorest for TNT/Nall, 70/30, (See Figures 1 and 3). Thus, &n is a
single dominant index of the effect of the diluent at ail A.

Figure 5 shows that Equation (8) fits the NOL D-A data for
G to 22% Al to well within experimental error in D. In this work,
the parameters A and :» were evaluated for a range of P50 = 1 to 2 g/cc.
Both Equation (1) and Equation (8) are vaiid only when restricted to
a specific range in A. The range chosen for evaluation of the
parameters is not necessarily the optimum; hence the equations
obtained are not nrecessarily the best fits. Nevertheless, they serve
the purpose of the illustration quite adequately.

Table 2 contains the parameters of Equaiions (1) and (8) for the
various diluents. In Figure 6, ghe diluent effect on D is approx-
imated by An as a function of yd the diluent volume fraction at
voidless density. W with its hlgh density of 19 g/cc has a very
small volume fraction at 15% by weight. The NOL lata for TNT/20p Al
are bracketed by reference (6) data for 0.2u and 270u Al. The NaCl
data (reference (5)) show, despite the scatter of the data, the
sinall effect of that diluent. The similarity of metal diluents is
indicated by the fact that a reasonable extfap04af‘on of the TNT/0.4yp
W will pass very near the single point for TNT/0.2p Al. This
possibility can be explored further by computing comparable values
of D/Dgy.

Although An may be considered the domirnant parameter, Equation (9)
which includes A, must be used to compute D/Dy if inversions in
ratings such as that of Figure 2 are tc be found. Table 3 compares
the computed results with the ratio values of the experimental results
at the higher porosity where the change in D is larger. It can be
seen that for A = 0.78 - 0.85, the ccmputed values agree with the
experimental to better than 2%. (Thic is just a test of the adeguacy
of the parameters A, n of Table 2 in reproducing the experimental
data from which they were derived.) The D/Dg values show that on an
equal weight basis and at A = 0.815 % 0.035, A1 decreases D more than
does W. However, if we makz a reasonable 1nter clation fer 0.2p Al,
as shown by the dashed curve of Figure &, on ar. equal volume basis at
A = 0.€%, W decreases D .wore than does 41. To be sure, the difference
is not of significant size, but the calcuiated 3/bg values ilend tu be
too low for 1 and too high for W. So the difference is probably
real and small.

On an equal weight basis, with particle sizes of 0.2 and 0.4y,
respactively, for Al and W, the number of Al particles is 56.5 times
the number of W particles and the total surface of AL is 1u4.1 timec
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FIG. 5 EQUIVALENT ANALYTICAL EXPRESSIONS FOR DETONATION
VELOCITY OF MIXTURES OF TNT AND TNT/AI
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that of the W. In contrast, on an equal volume basis (say y4* = 0.015
and xa] = 0.0243, xyy = 0.15), the number of Al particles is only
9.2 times the number of W and the surface area of Al only 2.3 times

that of W. Insofar as heat absorption is important, there is good

reason for. 0.2y Al to lower D more than 0.4u W on an equal weight
basis.

If the comparison could be made at equal yg* and equal particle
size, the number of Al particles and total Al surface would still be
1.15 times the corresponding W values. This is beascause the ratio of
the number of particles and of the surface area of two diluents
varies inversely as the ratio of the voidless densities of the two
mixtures. (For yg* = 0.015 that ratio for W and Al in TNT is
1.912/1.657 = 1.15.) Hence, only when the diluents have equal

density is it possible to have equal ygq*® and an equal number of equal
diameter particles at the same time.

Reference (6) did report on silica as a diluent and listed its
density as 2.70 g/cc, ir other words, equal that of Al. The authors
then concluded that Al must react endothermally at 4 = 0.85 because
it lowered D more than did the ineri Si0O,. On the other hand, they
considered W inert because of its high m.p. (337C°C) and with that
I agree. As was remarked above, Dremin et al. were aware of the
necessity for comparisons at equal A, but they seemed unaware of the
necessity for comparisons at ecual volume of diluent. On this basis,
Al seems no more effective in lowering D than the inert W when they
are in comparable physical forms. Moreover, the lesser effect of
the non-metals can be explained on the basis of their low thermal
conductivity. Comparison of the results on an eguel A, equal yd,
and comparable § basis substantiates the conclusion of reference (1)
that Al does not react in time :o contribute to the detonation front
of aluminized organic explosives.

Aluminized RDX and TNETB

The binary TNT mixtures were discussed at some length in the
preceeding section because some systematic data were available for
different diluents. This is not the case for other organic H.E.
NOL data for the RDX/Al and for the TNETB/Al series® can be treated
as were those for the TNT/Al series. The Al used was ctomized, met
Navy specifications and had been sieved thrcugh a No. 40 (420p)
screen. As for THT, the velocities were measured at a constant
charge diameter of S5.08 cm. Both aluminized series showad D-A
patterns comparable to those of TNT/Al Figure la, i.e., increasing
Al decreases D and increases the slope b. The D-2 curves fan out
from 4 ~ 1.0; hence the greater the porosity, the larger the decrease
in D caused by a given amount of Al. Because of its small size,
the decrease 1s therefore hard to measure near voidless density.

The data for *tnese +us . criz:z show more scatter than those for
TNT/Al, but again D/Dy seems a linear function of v4z (at low contents
of Al) and relative 2ffects can be reversed at different porosities,
as shown in Figure 2. At 3% porosity (4 = 0.95), a given volume Of
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Al decreases D{TNETB) more than D(RDX) whereas at 20% porosity the
reverse is true.

Table 4 contains the parameters of Equations (1) and (8) for
t+he RDX and TNETB series, and Figure 7 shows the plot cf An vs yd*
for all three series. Two points from reference (6) have been
included to show that the effect of Al particle size is much larger
than any difference introduced by varying the matrix H.E. Therefore,
we cannot tell how mucn the location of the curve is caus=d by
particle size effect and how much should be attributed to the organic
H.E. It is interesting, however, that a plot of An vs the ratio
Al1/0, shown in Figure 8, avoids any intersection of the curves. In
Table 5, the approximate lowering of the detonation velocity
[D/Dy = ABn] is slown at twc porosities for each of the three
aluminized explosives at the same values of Al/0. At these two
porosities (10 and 50%), the amount of the lowering increases in
the order: TNT, TNETB, and RDX series.

Effect of Aluminum on Detonation Pressure

Because addition of Al lowers the detonation velocity, it must
also lower the detonation pressure (P). From the usual hydrodynamic
relations,

P = poD?/(k+1) = apyD?/(k+1) (10)

and also
P = PgDu = ApyDu (11)

where Py 1s charge density, k is the adiabatic exponent, and u is
particle velocity. If we again let subscript a indicate the pure
explosive at the same A as the diluted, then from Equation (10)

P _ Py Ke*l (D :
129 5;' eI \f{; (12)

and from Equation (11)

P p ub
_— v
Py  PeueDy
If the effect of the diluent is only a reduction of kinetic energy by
entrainment, equation {3) can be used with Equations (12) and (13)

to give

(13)

(P/Plen = Vo "(ketl)/(k+1l) (14)

and

oo % o -%
(P/Pyler = gg[yegej = Gg[Axe (1%)

T B O W s ;,‘o-z‘

< t-‘)ﬁ!M

Semsnavosvea <N e e 44w

PO Aatdea \vud IV

PUEE } R YR ey

[P

PRI S CIE W VT I P DO ORI vy

Lrearlad S ERN WA K Ldin oL m SN Sen preriL .

Vot

L P




N e R Y 2 s WL A ey S S A A B S D LG O T M SR BTy A CHBR M YR LR MRS SY R g BN IR ST NalEie Rt
- . PRARIPD R e o .

Z%

2%

St

-~

6hh° 1 £66°0 ELT"C 9h°'8 BhT* 2T BED h- 86E°0 0§°0 ST°¢ 220°T1
864°0 866°0 IAX/AN? 6h'8 h0sS°6 0oz 1- 022°0 0e’0 85°T 3eh*0
0TE"0 296°0 heD" 1 0¢°8 hoh°8 00c0- HTHT'0 0z°0 16°T g962°'0 H
£EST°0 6L6°0 LLB8°0 the*8 169° L 0zZ8°0 2890°0 0T*0 he' T ~TT°0 m
0 0°'1 asl*0 25°8 STS°9 Lh6° T 0 0 8L°'T 0 :
. # GLINL
; 8 §siLte [00T°T] H8E € GL'E 889" hT 8L0°9~ 00h'o0 05°'0 9T° ¢ T.€°T
m 1 hEe"T [Ls8°0] £66°T 65" L CTE°ET 66" h- 80€°0 0h°0 80°¢ ST6°0
. ; < 8s6°0 h0o0° T 819" T 06°'8 000°CT 00T*¢g- AN Ce’'o 00°2 885°'0 o
. n 91970 266° 2 SLT'T 6L°8 ZZh° 0t 009° 1~ €EhT’0 0z°'0 £6°'T ghe'o
! =~ 9¢€°0 a/6°C S86°0 59°8 ¢hi'8 0CT'0 6890°0 010 98" T £€ST"0
M % 0 0°'T 669°0 98°8 v 9 SIS'2 0 0 208°T C
\ =
m o XaQd
5 | uy Y u oosH suu oasH /un 2 ¥x 00/3%Ag  0/1TY
s v q = AyTsusqg
| SSaTPTOA
m 302333 IusnTIqQ (8) uotaenbg (1) uotizenby suoT3ioegdy JUSNTIQ ]
v :
5 gLINL ANV XA¥ CIZINIKATY 403 VIVA AYVKWNS ‘
% )
W f °TqeL
3,
:

. o
N IR NI A EoDy 3 D 737




e .

LAY Z T L

Y

§é

Ve

3

R Y

2 4-3 N'?wb\“:\\" ;.'_-“-H v

.
44
4
r
1

CHANGE IN EXPONENT, An

1.1

1.0

0.9

0.8

0.7

0.6

0.5

R P N e R T i s A S R S T o N e T O O P Ve T N Y e P e e AR TR G RN WIS A UG S o BT e e i DO 50 S tiekO e Sudt v Svnnpmmetadin a3

NOLTR 72-62

0.2u

O TNT
O RDX
A TNETB

2)/ 270p

i l

0.1 0.2 0.3
VOLUME FRACTION OF DILUENT, y;

FIG. 7 CHANGE IN EXPONENT A n EFFECTED BY DIFFERENT
TRICES [N HE/AL ALY TURES

20

‘ Y I D VA% AR At Sy 5
R g ccusiaoan o WEREREEE s STPORL AR A A AT g e T

N S

SN B AR, o TR N S ARIRR b b Y N0 d.’{«:zgm.':mh:’.ﬂmmmx&dﬂ&k&&&u.uy&mmuMimﬁéﬁ?&«.%xﬁnum&wn‘ﬂm{mtxm@nm\@&ﬁmmwvi-‘h‘*.!w‘»vw&.nm?.‘:}é.‘.\VJM&«.A‘«E}M&EN‘&MKK‘:5‘&&,',-..»:9«?:41:M&&k’s\muwmmumiew&m&mjﬁ

YS™




CHANGE IN EXPONENT, &An

NOLTR 72-62

[P

ZEA A RSN R B

TR SN 4 BRAREL

RGN

|

)

N S AN S T LN

st

0]
| [ 207k Al | l | l |

FIG. £ CHANGE IN EXPONENT An AS FUNCTION OF Al/O RATIO CF "/ARIOUS HE/AI MIXTURES

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
A1/O RATIO

21

PEXY

N
5,
{ oy

e o et e o g eVt A Sl S e - —




NCLTR 72-62

Table 5

D/Dy ~(8)2" FOR THREE ALUMINIZED EXPLOSIVES

H.E. Matrix A=0.9 A= 0.5

~
>
-
~
o
h
"
o
N

RDX 0.96 0.76
TNETB 0.97 0.84

~~
>
=~
~
o
A
"
Q
e

RDX 5.93 0.62
TNETB 0.95 0.73

TNT D.96 0.79
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Dremin et gl.s measured ucy and D of TNT and 85/15, TNT/diluent
at 9€.5 and 85% TMD. They found that much of their data was well
expressed by

=
t

= u.Ap_ /4P
eTrer T (16)

UePe/Py

where u and ue are, respectively, the C-J particle velocities of the
mixture and of the pure explosive. This expression in Equation (13)
results in

(P/Py)p = D/Dq, (17)

an unexpected result because it indicates that the aluminum lowers
the pressure by the same percentage that it lowers D rather than

D?. The few pairs available (HBX-1 & KBX-3, and Comp B and H-6) do
not validate Equation (17), although those data of reference (6) for
which Equation (16) holds do conform to Equation (17).

Ecuation (18) holds for the aluminized charges (0.2 and 270u Al)
at 26.5% TMD and to within 6% for the charges (80 and 270y Al) at
80% TMD. It is off by 21% for 0.2up Al at the lower % TMD. The
autnors attribute the 6% discrepancy tc heat absorption; they
computed a decrease of up to 5% for this mechanism. For the very
fine Al at the higher porosity they believe the large decrease is
caused by endothermal reaction between the Al and explosive. From
qualitative arguments above, heat loss by absorption, compression,
and entrainment seem sufficient to explain the observed effects;
semi-guantitative considerations are given in the Appendix. As I

pointed cut earlier, the possibility of endothermic reaction is still
unresolved.

The fact that Equation (16) holds for aluminized TNT at high TMD
suggests the possibility of better approximating pressure from
measured D values in cast aluminized explosives. The usual approx-
imation P = 0.25poD? generally gives too high a value for aluminized
H.E. because k is greater than 3 and (k+1)-1 < 0.25. On the other
hand, the usual approximation fits the reference (6) data for high 4,
aluminized TNT to 1.5% or better than it fits the data for pure TNT
(to 5.8%). The approximations

JH

P 2 0.25ApgD? (18a)

m

P £ 0.25APgyD? (18b)=
as well as the conventional one have been used for the comparisons of
Table 6. In view of the uncertainty in the measured values of P

and also of the D value for HBX-3, the results are inconclusive.
Equation (18b) seems to be a slightly better approximation for the
four explosives of Table 6 than Equation (18a); both seem better

#pow 18 voidless density of the matrix including the wax.
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thar the usual 9,D*/4. If this proves to be the case when better
data are obtained, it might still be restricted to this particular

type of explosive (aluminized Comp B) within a restricted range of
aluminum content.

12

Lyutov et al. nave derived an expression for the detonation
pressure of explosives containing an inert additive; they consider
Al inert. In our notation, their relationship is

9OD2 Po
— 1 - x d -
k+1 Pq

or (19)

P = poD?ye/(k+1)

u

This is the usual hydrodynamic relation [Equation (10)] with a
correction factor. The authors claim that detonation pressures
calculated according to Equation (19) for mixtures of PEIN with

Al and Mg as well as of TNT with Al, SiO,, and NaCl (data of
reference (6)) containing up to 50% inert additive agree with the
experimental values within 10%. Their tabulation shows that they
used a constant value of k = 2.80 for the calculations regardless

of matrix, diluent content, and charge porosity. Hence, Equation (19)
can hardly be considered an established relationship.

In summary, addition of Al to organic explosives lowers the
detonation pressure. There is no convenient approximaticn available
with which to estimate the extent of the decrease.

SUMMARY

A review and examination of available data for aluminized orgaric
explosives has shown that:

1. In all probability, the aluminum does not react in the
detonation front but sometime later.

2. Al as a cdiluent lowers D. The lowering is a linear function
of the volume fraction of Al present; it also depends on the density
and compressibility of Al as well as or. its particle size and shape --
probably on the total surface and heat conductivity.

3. The lowering of D by dilution with Al also depends on the
particular H.E. used. The same amouni and form of Al has a larger
effect (expressed as %D) on explosives of initialiy higher D values.
Thus the effect decreases in the order RDX, TNETB, TNT.

4. Aluminum as a diluent lowers P.

5. The decrease in D and P is most obvious at high porosity
(low A) and high Al content; the former is the more important factor.
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SYMBOLS AND DEFINITIONS USED

RPN 87 N R SR

——n e S ——— —— oo

Subscripts

A

i Component i of mixture (also ideal value of D)

L ad

.

e Explesive component

s

4

d Solid diluent

Lot gl

. o Fot g
BOAG DA AN TRV,

a Air

v Voidless

o Initial value g

g

o Reference value D or P of pure explosive at corresponding H

porosity. 3

A

Others ?

P Weight fraction o

B y Volume fraction =

E v Specific volume 3

ks Po Bulk density of charge E§

4 5

- A= pylpy =1 -y, i

- Solids -1 g

_; Py = E Xi/pi

’.'nx i -‘

' vi = Bpyxi/pi = poXi/pi 5

& a = Compressibiiity of diluent = 1 - pg/eg' = {vg-vg')/va where ;

E prime indicates compression in detonation front. ¢
5

L ANIY

Pt ¥ i
(t
™w
|

a /(1 - pe/pj) =k +1

T

k Adiabatic exponent

7

P a{u), b(u) Parameters of D = a + LA

Ayn Parameters of D
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Appendix A

ADDITIONAL CONSIDERATIONS OF ROLE OF ALUMINUM IN H.E./Al MIXTURES

Reference (6) does not give the calculations made for heat
absorption by Al and the consequent effect on D. In view of our
disagreement with the conclusions of reference (6), it seems worth-
while to present such estimates as we can carry out with our present
knowledge of the characteristics of Al.

Lees'?® has studied the melting point of Al under pressure over the

range 0 to 40 kbar. His data show the linear relation

T, = 660 + 6.58P (A1)
where the units of T, and P are, respectively, °C and kbar.
Krieger'" has studied the thermodynamics of the aiuminum/aluminum
vapor system, and constructed the vapor pressure curve. From that
curve, the boiling point of Al is 4300°K at 0.1 kbar, and greater
than 600C0°K at 1 kbar where it is still rising rapidly. Hence the
Al may melt in the detonation zone, but it will not vaporize.
Consequently, any diffusion reaction with the H.E. detonation
orciucts will be restricted to the surface of the Al melt, much as
it is in the case of aluminized rocket propellants.

To consider the effect of heat absorption let us assume that
the aluminum is exposed to the C-J temperature (T:;) at the C-J
pressure P; for an interval equal to the detonatidon reaction time T.
The detona%ion reaction zone, in the one dimensional case, is
bounded by the lesading von Neumann (vN) shock plane and the
following C-J plane where the reaction for C-H-N-0 explosives is
essentially complete. From the vN plane to the C-J plane, the
precsure decreases and the temperature increases. Hence T; is
higher and P; is lower than the average values over the in%erval T.
However, thefe is no general agreement on the correct value of P
(measured or computed) and even less on the value of T:, which mgy
vary by several thousand degrees acccrding to the equation of state
used for the gas products. Under these circumstances, there seems
little point in trying to pick average values; Table Al contains the
Ps, Ts values for TNT (and their sources) chosen tc estimate the
order” of magnitude of the heat effect. Also tabulated are measured
values of the detonation reaction time 1. (This is not to be
confused with a total reaction time; it merely indicates the interval
beyond which reaction energy no longer contributes to propagation
of the detonation front.) The values chosen for the measured P;

E S

and the computed T; are the lower of those available in the litérature;

the value of T is an intermediate of those measured.
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NOLTR 72-62

In addition to the above values, we need information about Al.
Its melting point at the higher pressures is estimated by extra-
polation of Equation (Al). The thermal corductivity, specific heat,
and density of Al will all vary with temperature and pressure and
: so to will its tHermal diffusivity. Because data are lacking, the

' value ¥k = 0.94% cm® sec-! computed from the values of k/spy of

Table 1 is used for diffusivity. The necessary parameters kt/a?,
where a is the average particle radius, are then those tabulated.
Solution of the heat conduction equatlon for spheres with the
surface temperature Ts for the time T, shows that the entire particle
of the 0.2y Al is raiSed to a temperature above its melting point
(in fact, it would be raised to T3 in time T if its surface could
2 be maintained at T;) whereas only the outer layers of the larger
L (80 and 270u) particles can be heated above the melting point.
g It follows that with sufficient time the 0.2u particles could melt
: completely whereas the larger particles would show only a thin layer
E of melt on the surface. These data illustrate the particle size
- effect on heat absorption rather more strongly than the A effect,

but that too is evident.
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Although there have undoubtedly been many thermodynamic-
hydrodynami.. calculations of the detonation of aiuminized organic
exp1051ves, very few have been published in accessible sources.
Mader!® used the LASL code for cne aluminized H.E., the composite,
RDX/TNT/Al/wax, 44/32.2/19.8/4 at A = 0.9%45. Not only is this at
a compaction where littie or no effect of Al on D is expected, but
he failed tc run the computation on the non-aluminized matrix,
RDX/TNT/wax, 54.86/40.15/4.39. With the assumption of complete
reaction of Al to form Al.C,(s), he computed D about 3% below the
experimental value of 7. “3 mm/gsec and P, 3% above the experlmental
value of 230 kbar. The Kamlet empirical method!®, which approximates
very well the current RUBY code values for simple C-Ii-N-O explosives,
can be used to estimate the parameters for the non-aluminized matrix. ;
This was done and the wax was treated as a reacting component to :
obtain the values of 7.60 mm/usec and 245 kbar respectively for D :
and P of trhe matrix. These values are, within the error of the :
methed!®, the same as those measured on the aluminized charge at y
4 = 0.9945. Hence they confirm the insignificant effect of Al at
high compaction (relative to its matrix at the same A) but not the
; reason for this effect. Thus at A ~ 1 Mader computes the same
s result assuming reaction of the Al that Equation (6) wouid give for
chemically inert Al that is compressed and entrained.
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One other set of computations has been carried out by Chaiken
on the RUBY code for an RDX series at A = 1, again where the effect :
of Al should be insignificant. His results are shown in Table A-2, §
but they are very puzzling. The present LASL code is very similar . :
to the RUBY code. There seems to be no reason for Chaikin's results
for pure RDX to be so low; the LASL values agree with the experimental
ones. If we assume an error in input for that explosive only, we can
compare the RDX/Al results to the LASL RDX results. That comparison
says that the Al has practically no effect on D and P at A = 1 when
Al is assumed to react. The effect of melting the &1 but not
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Table Al

TNT AND TNT/Al, 8%5/15

TNT

A=0.964 A=0.85
po=1.59 Po=1.40
Reference g/cc g/cc

: D(mm/usec) 15 6.94 6.34
P; (kbar) 15 175 130
Tj(°K) 16 2978 3160
T(usec) 17,15 0.14 0.29

Al,Tp(°C) Ea. (Al) 1811 1515

A Pg WICT AT WA SR
f RS

Tp(°C)/
Tj(°C) 0.67 0.54

TNT/Al, 85/15

IEYHA P P ST o Y,

alcm) kt/a® at T>Tp* kt/a® at T>Tm*

0.01350 0.00073 ~1lu 0.0015 2.7u
outer oute -
layer layer

0.00400 0.0082 2.5u G.017 5.2y
outer layer
layer

0.00001 1330 whole 2670 whole
sphere sphere

s,

SRS T etz

o

“From Carslow & Jaeger, "Conduction of Heat in Solids" Oxiord Press,
Oxford (1959) pp 234 & 102
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Table A2

RUBY CODE RESULTS FOR RDX SERIES!®

Po(a)
g/ce

P(kbar)

T(°X)

Comment

RDX
RDX#*

RDX/Al
80/20

RDX/Al
80/20

N R oy

1.80(1)
1.80(1)*
1.%4(1)

1.9u(1)

287
7=

359

332

30

1824
2.,38%

3882

2282

*LASL codel®

Al reacts to form
Al,0,(s)

No reaction of Al
but it melts
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&llowing it to react seems to be a 4% increase in D. This is hard
to believe unless 4% is typical of the error in the program. In
view of the reported result for RDX, it seems that results for the
whole series must be considered unacceptable.

In earlier work?? we hase shown that Kamlet's method does not
work well for aluminized explosives (Al assumed reacting), partic-
ularly as A decreases. If, however, we assume the Al inert and
the relationship

D = n%M%Q%(l.Ol + 1.31p,A)% (A2)

correct, we can use it to obtain an estimate of how much effect heat
absorption could have at 4 = 0.85. When the Al is 0.2u diamete>,
data of Table 1 indicate that the particles can be melted and the
melt heated to Ts in the interval tv. (This is an upper limit to the
effect because tﬂe product gas environment could not maintain a
temperature as high as T4 at the surface while it is losing heat

to the Al.) Hence to apply Equation (A2) to TNT/Al, 85/15, the

pure TNT values of n and Q must be reduced by the factor 0.85; M
stays the same. In addition, Q must be further reduced by heating
the Al to its melting point, melting it, and heating the melt to

Tj. Thus for TNT, Q = 12823 for TNT/Al, 85/15, Q = 976. 1In
Equation (A2) this gives D = 5.63 mm/usec as compared to the value
of 5.75 mm/usec measured at A = 0.85. Thus heat absorption alone
could account for the lowering of D observed at this compaction.

The example is very probably an over-estimate of this factor as
entrainment and compression are also contributing.

*n = moles of gas/gH.E., M = average molecule weight of gas and
Q = chemical energy/gH.E.
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