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quite well.

effect 1s resolved.

A phenomenological study of the dependence of steady detona-
tion velocity on charge radius (the "diameter effect") in

eylindrical configuration is described.
mainly given to high-density heterogeneous solid explosives
cast or pressed to greater than 94% of thecretical maximum
The work centers around a new fitting form which
fits data for both homogeneous and heterogereous explosives
Some success is achlieved in correlating the

parameters of the fit with measured quantities.
of Joints in rate aticks and ¢f boosting on steady detcnation
veloclity 1s examined experimentally.
Firally, front-curvature measursments
on & plastic bonded TATB are used to deduce the reac*ion-
gone length for this explosive.

Comparisons are me * with
gon® lengths obtained by other methods.

Consideration 1ia

The effect
A significant Joint

INTRODUCTION

A study of the dependence of steady-
state detonatlion velocity on charge
radius in eylindrical geometry (the
"diameter effect") is reported. Emphaals
is placed on consideration of solid ex-
plosives which are heterogeneous (i.e.,
cast or pressed from a powder containing
many different sizes of microcrystals)
and at greater than 94% or theoretical
maximum density (TMD). For purposes of
comparison, diameter-effect curves of
two liquid explosives are also included.

The diameter effect has impoertance
at different levels. For example, 1t
oan be uped as an engineering tool for
gauging the size of system in which an
explosive will behave "“ideally." On a
more basic level, the two-dimensional
effects can be used as a probe for
Jtudying reaction-gone structure.

The theorles of the diameter effect
presented to date sither have been shown
to be incompatible with the experimental
data for heterogeneous solid explosives

TWork performed under the auspices of the
Energy Researzh and Development Admini-
stration.

[(i.e., those of Eyring et al. (1) and of
Jones (2)] or are not expressed in terrms
of the commonly measured experimental
quantities [Wood and Kirkwocd (3)I. The
treatment given here is phercmenclogical;
i.e., the study 1s restricted to finding
regularities within the data. Such reg-
ularities should give hints on the mech-
anisms which are domirant and should act
as a gulde and constraint on a basic
theoretical treatment. The work in this
paper centers around a new {itting form
which fits data for both homcgenecus and
heterogeneous explcsives quite well.
This form is applied tuv new data as well
as to data taken from the literature.

In the course of obtaining the new
experimental data, it was fcund that
Jouints in small rate sticks perturted
the detonation velocity mignificantly
for the purposes of high precision mea-
surements. These results are discussed.
A study was also made of the effect of
boosting on the steady-state velocity.
No significant offect was obaerved,
Finally, measurements of front curvature
vere made on a plastic-bonded TATA.
These measuremente, when cembined with
the diameter=-effect curve and the VWood-
Kirkwood (WK) theory, deternine a re-
action-zone length on the central stream
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tube as a function of stick radius. The In the case of PBX-9404 at diam-

infinite-medium reaction-zone length
thus obtained is compared with those
from independent measurements.

I. EXPERIMENTAL

Ezplosives The explosives for
which new data are presented were care-
fully prepared by casting or pressing
followi the procedures described by
James (l4). An exception was XTX-8003,
which was composed of PETN mixed with a
casting resin. This explosive was pres-
sed into grooves cut in polyecarbonate
slabs and then the resin was allowed to
polymerize. For this explosive, the
densities of the rate sections were in-
ferred from specimens with che same
composition; for all other explosives,
densities wera obtained by immersion of
the pleces used in the rate studies,

In the case of Amatex/20, the pleces
were sprayed with a thin film of plastisc
before immersion.

Detonation-Velocity Measurement
Most oI the rate measureriencs were made
with the pin technique as described by
Campbell et al. (5), except for a few
changes of detail. All pileces were
measured for length in a temperature-
eontrolled room. The most common plece
length was 50 mm, and lengths were mea-
sured to about 10~? mm. The pleces
were assembled in columns with 50-um
copper magnet wire inserted in the
.Joints as ionization switches. The
columns were then clamped as shown in
Fig. 1. 1In order t» ensure that joints
bstween rate sections were closed and
yet that the sectlons were not over-
ocompressed, the clamping bolts wers pas-
sed through carefully machired spacers
as shown.

Fig. 1.

Schematic of a typical rate~
stick assembly.

eters of about 1.3 mm and less, the det-
onation velooities were measured on in-
dividual pieces 12.7 mm long using a
spear camera. As the result of carefully
determining the image magnification and
of dynamically calibrating the camera,
the optical rate measurements are

ghg:sht to be accurate tc betfer than

Shots were temperature controlled
to £ 1°C. Detonation velocities were
obtained from the pin data by linear
least-squares fitting.

II. DIAMETER EFFECT

Pigure 2 shows the dependence ¢’
the steady-state detonation velcclity <n
the reciprocal of the charge radius for
the group of explosives considered. Cne
notes that numerous scales and shapes
are present. Except for the liquids
(nitromethane and TNT) and for rresseid
TNT and XTX-8003, all *he data necessary
to generate these curves were ckhtaired
without confinement. The curves for 2ll
the solid explcsives (except the TAT2
rormulationsg show downward concavity,
It was shown by Malir =t al. (€) using
data for Compositicn 5, :hat thls tyce
of curvature is contrary to the cleory
of Eyring et al. (1) ard is not flitte?
properly by Jones' theory (3). It shauld
be noted that Eyrirng's theory does fI¢
the data for (the homcgeneous explcsives’
liquid nitromethane and liquid TXT quite
well. The WK theory (3) cannot be
teated against the data tecause th2 ve-
locity decremint is expressed in terns
of the detona:ion-wave curvature on the
central stream tube rather than in terms
of the stick radius.

In view of these falilings or lnape-
plicability, it was decided that a phe-
nomenological approach should be made
and that the otjective of this approazh
vould be to find regularities in the
data. Such an approach, if successful,
should give hints to, and plase con-
straints on, a correct hydrodynamic the-
ory of the effect., Ir addition, 1t
would systematize the data and allow ac-
ourate velocity interpolations to be
nade at any desired diameter.

The cornerstcne of this treatment
is the functional form.

D(R) = D(=) [1 - A/(R-R,)], (1)
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Fig. 2. Composite of diameter-effect curves in the D-vs-1/R plane. Broken lines are

conjectural.

where D(R) and D(=) are the detonation
velocities at charge radius R and in in-
finite medium, respectively, and A and
Re are length parameters. Ar alternate
rform of Eq. (1), which displays the nen-
Eyring part explicity 1is

AR
S - 0(2)

(R-Rc)

D(R) = D(e) }(1-A/R] ~

Note that Egs. (1) and (2) reduce to
Eyring'e form where R_+0, This is a rea-
sonable behavior sincé a line in the D-
ve=1/R plane accurately representa the
data at sufficiently large charge diam-
eter. In addition, as R=R., D(R)+==;
1.e., there 18 an asymptot: at. "lianl-e R,
At fixed R., the parameter A determines
how abruptiy the downturn in the curve

cecurs; 1.e., the amaller the value cf A,
the more abrupt the drop. Filgure 3 dis-
plays this. ince D(R)ewe ag R~R,, the
thyeical regiorn corresperds to values o°
R>R: and in particular the fallure radius
must obey Rr>ne.

Equation (1) was fitted tc the
available data by the method 2f least
squares. QOraphical displays of :ypical
fits are ziven in Figs. U and 5, The re-
##Itg of Lhe fi*s are giver ln Tab&e I.

e PBX-9L0U result shown in Fig. L is
typleal of high-density hetercgenecus
explosives. Contrasting tehavior s
shown by the liqgid form of nitromethane
(7) and of TNT (8),.

The liquid TNT data are linear !n
the Devs-1/R plane. The fit of the
nitromethane data shows slight upward

‘s
-
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of Fig. S are of the same size us the
experimental error. This is also true
of the other fits listed in Table I.

It is thought that the very dif-
ferent conformation of tha curves shown
in Pigs. 4 and § is due to there being
two mechanisms supporting wave propaga-
tion in heterogeneous solids, i.e., hot
spots and homogeneous burn; while in
homogeneous explosives only homogeneous
burn is present. Thus, one can 3pecu-
late trat in heterogeneous explosives
at large diameter both mecharisms con-
tridbute to driving the wave while at
dismeters near failure only the hot-
spot mechanism sustains wave motion.
The lack of a region of sharp drop in
the liquid curves is then due to the
absence of the hot-spot mechanism.

The quality of the fits obtained
with Eq. (1) can be gauged from Fig. 6.
In that figure, the fitting form and
some typical data points for the various
axplosives are plotted in a reduced co-
grdinate plane, (i1.e., D(R)/D(») vs
A/(R=Re). The existence of a plane in
which all the data can be plstted near
a single curve s suggestive that the
processes which contrel the diameter ef-
fect are identical and that che differ-
ent curves in the D=vs-l/P rlanc result
from variaticrs of the relative effec-
tiveness of tre processes,.

— T
+ PEX-9404
O Amates/20
O Comp O
0 77723 Cyeiarol
2 XTXx-8003
Y Octol
e PBX-930)
R ® X-0219
[ .Y o %X-0290
& Cast TNT

§
7

o

-7 T v !
/ |
Y4 S S D ST U0 S W N VD VS SN W NN G W S . {

DR}/ D(w}
[ 4
3

0es

+

/

bkl AR Y WS S DU S |
080 ¢ 068 0.0 0.8
A/(R-R;)
Fig. 6a. Diameter-effect curve and data

points in reduced coordinates
over the full range of velo-
city deficit.

Another observation that can be
made is that the fitting parameter R
correlates with the experimental raiiure
radius, This correlation is shown in
Fig. 7. One sees that except for Amatex/
20 and Baratol 76 (not plotted), the
linear least-squares fit R_ = (0.877 %
0.054)Rge passes close to fhe data. The
Baratol 76 curve is qucttionable because
it 1s determined by oniy three points
and none of these are very close to the
failure diameter., Consequently, the
curvature may not be suflficlently well
determined for the fit to be useful near
fallure. Of the other explosives which
give data points markedly to the right
of the fitting curve, cast TNT, Amatex/
20, and Octol may be expected to yleld
small charges containing critically in-
sensitive regions—cast T.T by variation
in the freezing rate, Amatex/20 by segre-
gatlion of ammonium nitrate, and QOctcl by
virtue of the large-par+<icle-size HMX
used. These insensitive reglors may have
resulted in larger values ¢f Rf.

An attempt was made -0 correlate A
wicth Re. This was not as successful,
The daga scaetter badly 2atcut a power law
of the form (A = KR D), Hewever, althouch
or.e cannot quantitalively relate A and

IOO[o T T ™ T ™
'\ ® PBX-950!
q ¢ Comp A
R
099 |- \' -
-— x
8 a0 S0
o - \./ 4
= ¢
&
o v X-0219
098~ @ x-0290 l' 1
4 Cast TNT
4 Pre .ged  TNT
- B Creamed TNT n
{ Liquid TNT
(Q Liquid Nitromethane e
Y 1 1 1 1
097O 0.0l 0.02 0.03
A/(R-Rc)
Fig. 6b. Diameter-effect curve and data

points in reduced coordinates
over the first 3% of velocity
deficit.
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]
]E /,/2/ n:-u-nu:-—{-J
.-
X ///’ ]
3 7,
Cyeciotel 77/23
2} comn 0 ]
Comg A e L
Ak -
;f-lnnuu ™T
[ [l 1 1 1 1 L
% 1 1 A 85 & 7 @8 ¢
Ry (mm)
Fig. 7. Correlation between Ry and R

The hashed lines correspond %o
plus or minus one s-ar.dard devi-
ation of the slope ¢ the line.
Where no error bars are indi-
cated they are less than the
dot size; where error bars are
indicated they 2re cLose of
Table I. The equation of the
atraight lire is R = (7.877 &
0.054)Rr.  An arréw to the
left of an entry :rdicates that
no sticks that failed were
rired.

R,, there 1is a correlation ir the sense
tﬁat a larger value of A terds to core
respond to a larger value of Re.

III. THE JOINT EFFECT

It is neceasary to fire very small
rate sticks (*l1-mm diam) in order to
obtain a complete diameter-=fect curve
for some of the explosives in Table I.
One has the intuitive feeling that the
presense of Jjoints and pins in such
sticks may significantly perturb the
detonation wave trajectory. Such ahn ef-
fect (called the "Joint effect™) would
result in underestimation c{ detonation
velooity and overestimation of fallure
diameter. These considerations prompted
a search for such an effect.

The experimental method was to re-
cord with a smear camera the progress
of a detonation wave in a rate stick
consisting of U to 6 cylindrical seg-
ments of the same dlameter. The explo-
sive was in the form of right-circular
c¢ylinders machined to size from singly-

. pressed billets. The cylinders ranged

in length from 25.8 mm to 12.7 mm, and
in diameter from 5.01 mm to 1.5 mm. Be-
cause PBX-9501 is & rather corpliant ex-
plosive, the charges having diameters of
1.5 and 2 mm were measured on a consour
projector with digital readout.

Each piece was supported at *wo
places and was tiled to a cradle with =0
um copper wire to prevent bucszling of
the column under pressure. Bcostering
consisted of a small pellet cof PBX-.Qul4
initiated by a detonator which was held
in a threaded mount. Good contact was
secured at the Jjoints between cylind.rs
by inserting a thin metal shir n cne ¢°
the joints and tightening the threaded
detonator adaptor nat untll siigh: ‘ric-
tion was felt upcrn sliding the shir.

The shim was ther reroved ard the r.ut

turned ar amourt :calculated tc aivance
the detonator a distance egual tc the

thickness of the shim,

The assemblel rate atick was
mourted before the srear carers xith &
precisior. masnif::aticn scale and a nroe
tographic reacluction chars actazhed %¢
the cradle. To ensure Constarnt TARAE.I-
flcation along the atick, tre while ag-
sembly was arrarged perpe-d‘c.-nr ¥ te
the optic a:is by use ¢f a legser .0&‘

and reflected from the mngr“‘*a"'—
sca.e.

When charge alisnmert vas achleved,
A

still photograrr.s ﬂade or. Panas-x

film. Allowance was made Zcr any de\‘
ation between the plane ¢ =he -n-n:rin
¢aticn scale and the surface - the rate
stick by moving the camera axially an
appropriate distunce. Terperature was
cortrolled to 23° % 1°C.

Before firing the rate stisk, *he
film was lightly fcgged ty retating the
mirror with the shutter oper.; a treak in
the came."q alit produced a .ine indl-
cating the writirg directicr a.ong he
film, and in the aralysis of the firir;
record the writing speed at the loca-
tion of the record was irterg:.azedl
from a previcus calitraticn.

Where pin records were takan, “he
switches were made of silver ritbon 3 mr
wide by 10 um thick. Thcse were irserced
in joints between stick segrerts and
heid in place with Eastman 91C adhesive.

The experimental space-time trajec-
tories werc fitted to the riodel

x(t) = 8 ¢+ Dt + oN, (3)

where N is the segment number on the
stick (0, 1, 2, ...), &§ 18 the spatial

7
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Joint effect, D is the detonation velo-
city, t is the time measured from some
origin, 8 i{s the intercept at N = 0 and
t = 0, and x(t) 1s the position of the
detonation at time t. The assumptions
of the model are that the detonation
velocity is the same {n the steady part

of each segnent and that there i{s an
identical offset (possibly zero) at each
Joint.

Figure 8 shows the type of behav-
lor to be expected from the model and
the experiment if there 1is a significant
Joint effect. PFigure 9 shows the re-
sults for PBX-9501 in terms of the time
lag at & Joint ('.e., &§/0). One sees
the. the effect is a strong function of
stick diameter for the three sticks
fired with clean-butt joints.

Purthermore, the one stick fired
with glue and pin foils present !n the
Joints shows a greatly enharn:ed effect.

Colculated
(haoshed)

b

Experimental

) S
-

g |

£ I

S |

- Overshoot
T

|
~_ o
Undershoot

Fig, 8. Schematie of experimenta and
calculated detonation trajec-
tories are shown in the ugper
portion. Anticipated devi-
ations of experimental points
about the model are shown in
the lower portion.
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A~ (2on(04221) 1
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> -4
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Filg. 9. Joint-effecs for PEX=S32: as a
functicn c? stic/ raldlus and
form of ttre cir' Tre prela
tion of the v 28l asyrptote
is conJec»-.al. ‘he arpar bars
correspcend tc one stardars de-
viation

In this case, the errcr induzesd in tte

pin measurenent =7 velocley due tc the

Joint perturbaticns was *0.,2% /17 m/s).

One concludes =hat 1f c~ne wishes e
make highly preclse measurerents % Jet-
onation veloelty z2r of fallure dlzmeser
this effect must be avoided.

IV. BOOSTER EFFECT

There were indications in the work
of Bdzii (15) tha® the steady-state ve-
1ccity in a rate stick might te a func-
tion of the manner ¢f bocsting. If such
an effect were precent, scme of the
dianeter-effect datz would have <o ts
reinterpreted. Sinze Bdzil's worx was
concerned with PBX-3404 anu sirnce the
deviations about the fit we-» neon-randern
for this explosive, i1t was decided that
an experimental tes: should ke :.ade.
This was done by strongly oveor- and
underdriving two very long PEI-340U rate
stlicks.

The explosive consisted of 30 care-
fully machined right=-circular cylinders,
25.4 mm diameter by 50.8 mm long, taken
from two pressed billets Density was
measured for each plece by immersion in
water. The uniformity of the btillets
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was 1llustrated by the results: 7
pleces had densities of 1.845 g/em?,
20 g:eces 1.846 g/cm?®, and 3 pleces
1.887 g/em?,

These cylinders were randomized
between two rate sticke, one of 13
pleces to be overboosted and one of 17
pieces to be underboosted. Under-
boosting was achieved by use ¢f an
Amatex/20 column 25.4 =m in diameter
end 152 mm long. (The detcnation pres-
sure of Anmatex/20 in plane gecmetry is
=200 kbar.) Overtocsting ¢! the shorter
stick was obtained by use of the booater
dlagramed in Pig. 10. (The design of
this booster was due to B, G, Craig and
5:ogu§ed a pressure of 404 kbar in PBX-

° .

Wave curvature was measured at the
end of each stick Lty rmeans cf 2 small
mirror which was nlled and clarped to
the terminal zurface. Lighs fronm
small shocked-argen light scurce was
reflected into a smear camera sc as %o
produce an extinction reccrd ¢f the ar-
rival of the detonation wave.

Precautions were taken with temper-
ature contrcl, fiim shrinkuge, space
resoluticn, ~ -era writing sreed, image
magnificcliorn, and many cther factors.

No large »ffezt cn the detcrnaticn
velocity was cbserved; the measured ve-
locities were 9.7735 & 2.002% and
8.7754 ¢ 0.2003 mm/us fer the over-
driven ana underdriven sticks, res-ec-
tively. Note that the velccity results
are not within twc starndard 2eviaticns
of each other. The (central) frint
curvatures were measured and they were

A BC
VA
£ ﬁ G
200w ~ -ttt tutt—
- = 25mm
Fig. 10, Diagram of overboosted rate

stick assently.

A. Plane-wave lens

Bo 500 e-mm PBX-9U0“

C. 0.38-mm polyethylene
D. 0.25-mm magnesium

E. Rate sections

F., 0.05-mm copper wire awitches

G. Mirror

significantly differegt teing 337 t 3mm
(overdriven) and 355 2 4 mr (underdriven).
The larger veloccity corresponds to a
longer radius »f curvature, as it should.
It is unexpected that the ovenrdriven
stick shows a smaller radius of curvature
and a lower detonation velocity.

V. PRONT CURVATURE AND REACTION-ZCNE
LENGTH IN X-C219

Front-curvature measurements were
made or X=-0219 (90/10 TATB/KelF 800, a:
stick dilameters of 18, 25.4, and 50.2 mm.
It was found that the dectcnation fronts
near the charge axis are quite accura%ely
represented by spherical waves, The
three values of front curvature on the
stick axls fall close “» a streight Iline
in the front-curvature-vs-sticke-radius
plane. The comtination of detznatici=-
velocity and front-curvature mezsurewents
allows one =c calculate the reacticrne
zone length orn the stick axls as a furnz-
tion of stici radlius, if the WK thecry
(2) 1s accepted as valid.

In Fig. 11, thre radius cf curvature
(S) is plotted vs the stick racdius (2.
From the limited arcunt ¢’ avallable
data, one finds anr arproximately lirear
relationshiz tetween S ard R. The curva-
turas were ct-alined ty fit+ing a spheri-
cal wave mcdel by %the methcd ¢f leass
sjuares tC the rfentral €7% of she and

traces.

225 T T T T | T
e Experimental points ¢ -
itﬂ+BR7
L =412 7mm -
75 8299204

S:89:2 mm

Rodius of Curvature (mm)
~ ]
(4 ] (4 ]
{ !

e S245%+Imm
1 1 1 | 1 i | 1
25 10 15 20 25
Stick Radius (mm)

Fig. il1. Central front curvature vs
stick radius for X-0219 rate

sticks.

9.
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The WK relationship for the velo-
oity decrement 1ia

D (8) = D(=) [1 - ako(8)/g], (8

vhere D(S) and D({) are the detonation
velocities with madii of curvature S
and =, respectively, a is a constant
dependent on the properties of tae sr-
plosive, and £?(3) is the reaction-zone
langth on the stiok axis.

It should be noted that the WK re-
sult has builtin assumpticns more ap-
propriate for a homcgensous explosive
than for a heterogeneous cne. This may
be less of a deficiency for X-0219 than
for other solid heterogereour explosives,
because TATB formulations exnitit some
liquid-like behavior, e.g., linear
diameter-effect curves, szall velcclity
deflcits before faildure, and termperature
dependent failure diaceter.

Combinirg the diameter-«:fect
curve, D(R) = D(w)[1 - A/R], where D/s=)
= 7,627 < 0.015 =m/us and A = C,268 ¢
0.023 mm with the front-curvasure re-
lationshio S = A' ¢+ BR, where A' =
-~ 41 27 omand Be9.92 2.5 gives the
form

-~
n
(]

D(S) = Dle) |2 -(—BL) /<
S - A'

Comparison of Eq. (5) with E3. (4) al-
lows one to make the¢ identification

e*(s) « BA 5/(5 - ) (6)
a

TABLE 11

or alternately

A
€% (n) -2 [s + A'/H] . (1)

By use of the experizental valuet PCJ »
278 kbasa, Pyogye ® 364 4bars, o = 1.915
g/cm’, D = 7.8%7 mm/us, and a YV-lax
equation of state, vne finds thas a=2.
Since A, a, and B are greater “Lan zerc
and A' is less thar cerc, 3. (7} re-
presents a straight line ir the f8.ss.
1/R plane with negatlive slupe. 7Thi
shows that the axial reactionezore
length (diatance from shocz to sunie
locus) decreases with decreas.rg charge
radius. A decrease ir charge raiius re-
sults in an increase ir axial flzw slvere
gerice and, as a resul®, the scri: glane
ro.ves ¢clcser tc the shock, The !nter-
cept, given by AB/n, lsg %he nfirico-
mediun reacticrne=zore lengs" ani !< ras
the numerical value £%(a) e [ 5 "=, The
result 1s compered in Takl: II :ieh
reaction-zor.e Lengtha ctcalned %+ {=de-
pendent nmeans.

L ]

One notes that the reasure-ar-s
glver. ir Tatle II breax inzz tus ilazze:,
{.e., these fcr zcre lengirs greztar :x
less than 1 mm, It i3 fel: zhas =ra
first three entrles z2re euyeri::
rates. Consequentliy, % !2 ass
that the reacr!~srne-zome ‘e 3onirr=llc
long in sorme TATR formulaticns ond of
the order of : =nm.

naet

REACTION-ZONE LENGTHS POR TATB FORMULATIONS

Aeaotion-
i Densi
tength ns
Teohnique (am) Formulation (wt§) (;Iel“ $ TMD Seference
Wood-Kirkwood theory and
axial front curvature This
measurenents 1.3 90/10 TATB/KelF 800 1.911~1.91% 96.20-98.41 pager
Raytrace acoustics and
X rarefaction- 90/5/5
wave experim.at 5. TATB/B'wax/Elvazx 1.7% 99.32 Ref. (1€)
W.C.Davis
. this
Magnetic probe measurement 3.3 95/5 TATR/KelP 000 1.89% 97.56 syopesium
Pushing inert plates
of various thicknesses 0.3 90/10 TATB/KelF 1.91% 98.41 Ref. (17)
Eyring theory and diamvter- This
effeat ocurve measurements 0.14 90/10 TATB/RelF 800 | 1.911-1.91% 98.20+98.41 paper

10.
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