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Abstract

We present a detailed description of the use of the ICI non-ideal detonation code CPCX
to model the performance of the composite underwater explosive PBXW-115 (20%
RDX, 43% AP 25% Al and 12% HTPB). We use both the ICi chemical equilibrium

code IDEX and Mader's BKW code to first estimate the Chapman-)ouguet parameters
for PBXW-125. Two different reaction rate models are assumed for the decomposition -
of the explosive components and the time constants for each are found by fitting to
experimental US data on the variation of detonation velocity s'Ih charge diameter. The
data is best fitted by a three term reaction rate model which equates hotspot content to
some fraction of RDX cpntent, the intermediate scale rection primarily to the AP
decomposition, and the slowest process to the Al reaction. After adjusting some of the
reaction time constants because of4differences between 1he US and Australian
compgositions the model then accurately keproduces the variation of detonation velocity
with charge diameter found'for Australian PBXW-115. A0=160 for
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Application of the CPEX Non-Ideal
Explosive Model to PBXW-115

1. Introduction

Several years ago Materials Research LaUoratory (MRL) was asked to advise on
the choice of a suitable explosive filling for use in Australian naval mines. A
range of explosives in current UK or US service, or undergoing qualification, for
underwater applications was surveyed and a recommended warhead filling was
p~roposed. In addition, it was recommended that R & D work be initiated on
ammonium perchlorate (AP) based polymer bonded explosives (PBXs) because
of their reported lower vulnerability and higher performance. PBXW-115, an
experimental formulation under activedevelopment in the US, was identified as
beng most suitable because of its projected lower cost compared with other
PBX alternatives and its desirable vulnerability characteristics. Another
attractive feature was that the binder system was similar to that used in
Australia for composite propellant production.

MRL was subsequentiy tasked by Navy to o.rnsider the feasibility of
PBXW-115 as a fill for Australian naval mines. Work on this task to date has
concentrated mainly on formulation aspects. PBXW-115 is a cast cured
explosive with a nominal composition of 20% RDX, 43% AP, 25% Al and
12% HTPB based polyurethane binder. Research has concentrated on the blend
of RDX grades, the Al particle size, and both the binder chemistry and
mechanical techniques for processing the formulation.

In parallel to these predominantly chemical studies, we have undertaken An
investigationinto the possibility of modelling the performance of PBXW-115
and related formulations. This. is a new area of endeavour for MRL as
PBXW-115 is a non-ideal explosive (01 and therefore not amenable to the more
usual techniques used for the modelling of military explosives. Mader.has

defined a non-ideal explosive as one having a C-1 pressure, velocity, or
expansion is,,ntrope significantly different fromr those expected from
equilibrium, steady state calculations such as those performed by the computer
code BKW 121.. Johnson et al. 131 have modelled.the performance properties of
a variety of non-ideal explosives using data obtained from the aquarium test



and have made comparisons with results from BKW calculations assuming
varying degrees of reaction at the detonaton front. We will consider t•ts
approach in more detail in a later section.

All explosiveg exhibit some form of diameter effect in which the detonation
velocity decreases with decreasing charge diameter until a critical dameter is
reached and stable detonation cannot be sustained. For ideal explosives th,,
change in velocity with diameter is minimal until very close to the critical
diameter, whereas for nonideal explosives the diameter dependence is
pronounced and the velocity at the critical diameter can be as low as 30% of the
value at infinite diameter. Commercial explosives often behave very non
ideally and their performance properties depend strongly on charge diami-ter
and confinement. These explosives, like military underwater explosives,
contain separate fuel and oxidizer species, often in physically separated phases,
and their heterogeneous nature leads to much larger reaction zones and more
curved detonation fronts than those in ideal explosives [4].

To model the performance of commeicial explosives Kirby and Leiper have
developed a small divergent detonation theory for intermolecular explosives '151.
Their model has been developed into the computer code known as CPEX
(Commercial Performance of Explosives) and used for a variety of applications
!6-81.

In this report we describe the application of the CPEX code to PBXW-115
using experimental data on the detonation velocity/diameter effei-t obtained by
Forbes et al. 11), and also by Bocksteiner et al. 191 in a recent MRL field trial.
Section 2 describes the theory and basic equations underlying the CPEX code,
and Section 3 discusses thl problems involved in calculating the equilibrium
Chapman-Jouguet so-te for PBXW-115, which is needed as input for the CPEX
code. In Secion 4 we describe the results obtained from the application of
CPEX to PBXW-115, and in the final section we dicuss these results and our
approach in relation to other methods which have been used to model the
behaviour of non-ideal explosives.

2. CPEX Code Description

The CPEX code is based on the analytical non-ideal detonation theory of Kirby
and Lieper 151, which is a further development of the work of Chan 1101, and is
ultimately based on the small divergent detonation theory of Wood and
Kirkwood [111. The theory is applicable to both unconfined and confined
axisymmetric detonations and its application requies, the numerical solution of
A set of coupled, n6nlinear ordinary differential equations between the shock
front and the end of the reaction zone.

A detonation wave is a supersonic shock wave travelling through a reactive
medium. The high temperature generated by the passage of the shock through
the material initiates chemical reaction and energy release. A stable detonation
with a unique detonation velocity (the Chapman-Jouget or C-1 velo[ity) will
then develop if the chemical reaction zone can remain coupled to the wave and
continuously fedJ energy to the shock front. Any model of a detonation
therefore requires the simultaneous solution of the ,.oupled equations describing
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both material flow and chemical reaction. In the CPEX model the material
flow equations used are the Euler equations, a set of three coupled partial
differential equations describing the conservation of mass, momentum, and
energy for an inviscid fluid. These have the general form

ap .(pV) - 0 (1)

-(pv * (v

S+ V-(pvv) - -VP (2)

SV-(Ev) - -V.(Pv) (3)

where p is the density, v the fluid velocity, and ", the pressure. The quantity E
is the total energy per unit volume and is defined by

E p -e+4Pv_ (4)

where e is the specific internal energy.
The extent of chemical reaction is described by a progress variable X., which is

the fraction of reacted explosive in the material. The equation governing the

time evolution of X. has the form

d. R(p,PX,' (5)

where the exact functional form of R will be specified shortly. Note that the
time derivative in equation (5) is a total time derivative following the fluid flow
and has. the form

d + (v .V) (6)

The CPEX code .nod'els iteady state dctonation in a cylindrical charge for the

case of slightly divergeht flow. In this case several simplifications can be
made- We first rewrite equations (1) to (3) in an axisymme'ric cylindrical
coordinate system .. -

dp P(W + P 0 (7)

dt



du
PT+Px. 0 (8)

P Pr, 0 (9)

de P d 0("-. ". 0 (10)

!H.ere u and w are the axial (W) and radia: (r) components of the velocity vector -V
and sLuscript x or r denotes partia :.ifcrentiation with respect to x or r.

Using the steady state condition and the assumption of small divergent flow,
and considering motion only in the axial direction (at r = 0, i.e. along the
centreline), equations (7) to tMC) and equation (5) can be written in the form

UP. + pux, -pwr (1I,

psux + Px 0 (12)

"Pr 0 (13)

Pex - P 0 (14)

* R/u (15)

Kirby and Lieper 15] further simplify the above set of equations by using the
equation of state in the form e = e(p, P, X•) to derive the following expression for
P

P 2.2P.XPCca" (16)

where c is the local sound speed and 'r is the thermicity, defined by

' (la~lp]2o, (17)

"TIhe quantity a is a measure of the heat release. The system is exothermic if a
is positive and endothermic if (t is negative. Use of equation (16) then results
in the following definia.g set of equations

F - 2P )I* + (18) /

, 10
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u, (I - u
2

/c
2

) /(R - 2wr) (19)

P ex " p-' Px(20)

-R/u (21)

The term w, in equations (18) and (19) represents the radial divergence of the
flow. If the flow was completely one-dimensional this term would be zero and
the equations would represent the standard Zeldovich, von Neumann, Doering
(ZND) mode' of detonation [121. In this model the initial disturbance shocks
the material to the von Neumann point, which results in an increased value of
the density, and considerably higher values of both pressure and temperature.
This initiates chemical reaction, which then proceeds at a finite rate until Ali of
the explosive has been converted to lieonation products. In the one-
dimensional case (i.e. w, = 0), equ et •n (18) to (21) can be used to show that
the end of the reaction zone always coincides with the Chapman-Jouget (CJ)
point, which is defined as the point a, which the 'sum of the fluid velocity plus
the local sound speed is equal to the detonation velocity This is an important
point in the flow because if reaction occurs beyond this point then the energy
which is released is unable to cotZribute to the support of the detonation wave.

For divergent flow the simple ZND picture no longer applies, and some
degree of reaction will always occur beyond the CQ point. Equations (18) to
(21) (for finite w,) can be used to show that the reactiorn must satisfy the
following criteria at the CJ point

a)- - 2wrlu (22)

which implies that the rate of chemical energy release is balanced by tle energy
dirmnution to #he lateral flow expinsion. Thus for radially divergent flow
there are two sources of energy loss: (a) the energy loss to the radial motion,
(b) the fraction of chemical energy released beyond the C1 point. This means
trat . the detone. o; velccity for a cylindi ical charge with a finite dclmeter will
always be less than the' planar or Cj value, and will only approach the q value
as the diarreter becomes infinite.

Before equations (18) to (21) can be solved an expression for the radial
divergence w, must be specified. It is easily shown [121 that w, can be related
to the radius -of curvature of the detonation front, Rd, by the expression

W, (D u o))/Rd (23)

where D is the detonation velocity antit(0) is the flow velocity at the shock
front. The problem thus reduces to the specification of Rd. The developers of
the CPEX code surveyed many 6xplosives and found that Rd was inversely
proportional to charge diameter d, provided that both Rd and 4 were scaled by
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the critical diameter dc, There is some scatter in the data, and the
proportionality constant depends on whether the explosive is a Group I or
Group 2 explosive (as defined by' Price [131), but the correlation is sufficiently
strong enc'iglý to provide the r-cssary relationship between Rj and d. If more
e:act experimental data are available for a particular explosive then CPEX has
an option to iccppt this data. We used both methods in our analysis of
PBXW-115.

The reaction rate law used by CPFX has the fo!lowing functional fonin to
allow for the multi-phase, multi-component nature of composite explosives

dX (l. 1  h( 0 "_X) + aP a _ (24)

The subscripts h, 1, and s refer to the hot spot, matrix (in commen.'al exFlosives
this is often a liquid phase) and Included solid phases within the explosive.
The pressure exponents bi (i = h, 1, s) are normally set to unity and -the ai are
gaussian form fuinctions which switch the reactions on and off as the various
phases are ignited and consumed. The ai depend on X and the initial
formulation of the explosive. The T; are characteristic reaction times for each of
the phases, and Ph is i. hot spot critical pressure. In typical applications of
CPEX the ai and b, are fixed and the ;T and Ph are used as adjustable fitting
parameters.

The equation of state for a single phase has a simple density dependent
polytropic equation of the form

e Q -(25)

g go +g1 P +g 2 P2  (26)

The reasoning behind the choice of equaticns (25)'and (26) to describe the
equation of state is discussed in detail by Kirby and Leiper [51. The values of
the constants g, tor the explosive products are found by fitting to isentro,:pe data
fromi an ideal thermodynamic code, while the constants f:r ,,he unreacled phase.
are obtained by considering the shock state of the explosive a;,d using known
Hugoniot data. The unreicted solid state is usually a mixture of ingredients,
and in this case the Hugoniots of the components are combined using the
fiethod of A fanasenkov et at. 1141.

Equations (18) to (21) are a coupled set of nonlinear ordinary differential
equations which must be solved subject to a mixed set of boundary conditions;
at the CJ plane both the CJ condition and equation (22) mustbe satisfied, and
iminediately behind the shock front the variables must agree with the unireacted
shock state. The detonation velocity now becomes an eigenvalue ,nf the
equation set and its value is dependent on the charge diameter, de.ree of
confinement, and on the chemical reaction rate of t'ie explosive.

In typical applications of CPEX the equations V state of both reactants ard
products are known and the ideal CQ parameters are obtaine; from a chemical

- -.
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equilibrium code such as BKW or the ICI IDEX code. The reaction rate
parameters ;j and Ph are then estimated by using CPEX lo obtain a fit to
experimental data on the variation of detonation velocity with charge diameter,
and then CPEX can be %3ed to predict the explosive performance for a variety
nF confinements [71, as well as the effcct of charge diameter and porusi.y or
ini"ation behaviour [6i, and also tc, make comrarisons with other thoretical
approaches for predicting the performance of condensed explosives [81.

3. Calculation of Equilibrium
Chapman-Jouguet State

Befcre running CPEX on a particular explosive formulation an estimate must be
made of the CJ velocity and ideal CJ gamma for the given explosive. This can
be done using any chemical equilibrium detonation code and we have used
both Mader's BKW code and the ICI IDEX code to estimate these parameters for
PBXW-• v:.

The BKW code employs the Becker-Kistiakowsky-Wilson (BKW) equation of
state to calculate the detonation properties of explosives [151. Steady-state
time-independent behiviou- is assumed and the detonation products are
considered to be in instantaneous chemical equilibrium. For an explosive
consisting of a mixture of chemical compounds the necessary input data are the
fraction by weight, eiemental composition, and heat of formation of each
compound. The code requires the entropy of the product species to be
cj.1.. ssed as a polynomial function of temperature and th..n the detonation
parameters are caiculated by iteratively minimizing the free energy once an
initial guess of the Froduct compositi6n has been made.

The MRL version of BKW is run through a-user interface package known as
'U3iRBKW [16]. This is an interactive FORTRAN program which prepares an
input data file for BKW by asking a series of questions about the explosive and
its products. USERBKW also maintains three database files, BKWCMP,,
BKWGAS and BKWSOL. -BKWCMP contains information on standard
.explosive components while BKWGAS and BWKSOL qontain information on
gaseous and solid detonation pn~ducts. It was necessary to upr•.te BKWCMP

by the addition of the elemental comiposition, heat of formulation, density, and
foimula weight for AP, while BKWGAS required the heat of formation, entropy
constants, and the covolumes for both HCI and CI2. These were obtained from
standard compilations 1171. For the purposes of the BKW calculation the HM
binder in P BXW-115 wat replaced by an existing plasticizer in ihe BKWCMP
database (C41H7fOd. This should have negligible effect on ne'calculated C1
parame~ers.

USERBKW provides three methods for' estimating the initial amaunt of each
of the assumed detonatio! eroducts; explicity, where the user gives his own
estimates, hderarchically, where the user assigns priorities with first priority
.being given t, the proc.:ct most kely to be formed, and by default. We used
both the e:'.plicit arnd h-x.rarchica. methods and these gave quite different initial
estimates of the equilibrium prodltt.s. However, when both these estimates

"13
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"t-re gi%--,n to MKIV and the trve energy minimization procedure was followed
ht-e tinal L-quilibrium tatt. produced by each Ct-snlatC was identical, as Table I

*h ~ The deto~nation parameters at a denýisty of 1 &) Mg/rn 3 calculated by
13k"A are also li~ted in lahle 1.

T..t'fe 1: De!.:',.vw~ir FvA;4-. .'r PRX;V-115 C~a~ua~ed hv 13KW Code

ji.,'r ar , No of Mo!-s

(C C 174 003443

(A-A

C) Pi'rametrrv.

(,arnnuj

l)- .. n \.Iocity 4I' v z

.1-e C'I prurv* ot ZA 14 (11'a and deti'n.ition vulocitv of 14 05 mm/lpi art, both
1t;ghtr !uin cl,;xxtod I ortv% Ko nwtakunrd tlw C! prr1-,ure (if MMVA-l 1
vsir1,: tNw aquarium ftc' n~-th 'i anti 1bond a value clo..e to 12 2 CP a. %While
the iniivsis of tt-* j 1iqu,smini test dmia is bNisei on cspfiession% which art, only
iil.id totr ideaul -Ai' s.s that %orms. error i% intnxluced( in calculating CI
prissurv% for nin- 0ea.l e-l is.it i% tho".j.ht that thi% would introiduce crtr.'rt
of no more thin atoutat 1('* so I' li,al(eo2 4$A (, pa must tv viewed with solme

o rlx- ha%. alo s. . n-vs s u-. i h de[i-pn~tlme oif tIw hi' tomvt'l on vk-ltx1 tv (in

tihargi. dli~m-ter 111. .i n t he, v- ii spol.%td infinite di ain-wti et iin~ation velocity
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from this data is 6.195 mm/ps; the value.cbtained from the MRL detonation
velocity/diameter measurements is 5.650 mm/ps. These values may

underestimate the CQ velocity of PBXW-115 because in both cases the maximum

charge radius used was only approximately twice the critical diameter, and this
may have prevented some late time reactions from contributing. When

considered in conjuncon with the discrepancy between the measured and
predicted CI pressure however, the difference between the extrapolated and

predicted CQ velocity also casts some doubt on the validity of the C) state

calculated by BKW.

We have also estimated the C1 state of PBXW-i15 using the I%. IDEX

chemical equilibrium code and the results are 'hown in Table 2. ILEX uses an
intermolecular potential equation of state for fluids and a Mumaghan equation

of state for solids.

Table 2: Detonation Products fir PBXW-115 Calculated by IDEX Code

Mole Numbelm

•(1t0 8 explo•ive)

CO 0-3436

co2  0 00673
H2  0277-5

HO 0 26•1

HC 0 ZS91

N, 02197
NO 0 W.3,1 ,- I(Tl

0:. 02324 - lT'

C (Graphite) 1.0. 10
CAtapo•id) 06328

AI.1  0 ,04612
Al 1 0 -1w.

CJ Parametert

tonlor Pnnsure ="•'22 5l9 CPa
Detonation Velcity WW A.l m/s

D-tonation Temperature - 52Y7 K
Dv'nity - 1.7'K g/cm

3

Gamma 2 526

The calculated CI preteur of 223 CPA is %till conskderably higher than the

exeriemental value, but alo •ignrwiliantly klwer than the value calculated by

BKW, while the (C vk'Kity of 6 66 mmrri/ps t mnw miwh docwr to the value
obt'uined from the exiraptationof the tupenntal detonati•n
velooly/dtameter data,
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A companison of the equilibrium compositions predicted by the two codes
shows considerable differences, with the only clear point of agreeme~nt being
complete conversion of all Al into 0.463 moles of A120 3 per 100 g of exp~losive.
'While both codes show appreciable amounts of carbon present in the
equilibrium composition, BKW has predicted that this will be in the graphite
form, while IDEX has predicted that most carbon will be present in the

diamond form.
We have used both estimates of the CQ state as input to the CPEX code

calculations described in the next section.

4., Application to PBXW-115

As described in Section 2. the reaction rate model used in CPEX involves three
dist-act stages, each with a characteristic reaction time. -In the initial ignition
phase the shock~ front compresses the explosive and produces hot spots. The
hol. ýpots then initiate a fast reaction in the matrix (or liquid phase), and this is
followed by a slower reacticyn of the solid phase as the matrix is depleted.
CI'EX was develorvd for commerrial explosives and these typically contain a
large fracition of voidage, oif the order (if 15" to 30'-, in manyv cases. These
voids are important dsiimev are conrsidf.rod to be the sites at which the hot spots~
are formed as the initiating shock compresses the explosive. In PBXW-t15,
however, great care is exercised in proce-ssing to ensure that the voidage is
minimized. Compositions recently produced at MRI. for example contain
yoidage levels of less than 2-1.

In order to apply CPFX to P'RXI-115 it i% first necessary to identify each vf
the three stages in the reaction rate model with a corresponding~ process in the
explosive decon-position. Two poissibilities are immediately apparent. one is
to ascnibe the hot spot formation to the voidage, as in commnercial explosives,
and then to attribute the fai t reaction to the IRDX decomposition and the slower
reaiction to the AP and A' decompoisition. The other possibitlity is to assume
negligible voidage and eq~uak- the hot spot content to somev fraction of the RDX
content, the intermediate scale reaction primarily to the- AP decomposition and
the slowest prvoce~ss to the A; reaction. We, performied calculations for both
sthernes and the- results are- dtscribied in this section.

I he first results we describe are those in which we considered the RDX
component to correspond td the fast readling liquid rhase, while the AP,,AI and
binder together constittuted the slower burning solid phase. We u4'dJ a density
of 1.80 Mg/rnI for RDX and ].U3 MgK/rn for the combinedl AI',-AI'and binder;'
the P'BXW-115 had a density oif 1 N Mg/rn' (this is the density of the

*, PlXW- 115 used'by Fort, es at Ill)D. This led to approximately 67, voidage,
which is certainly higher than Would occur in practice. These calculations are
not intended to produce exact nunmbers. they are useAd primarily ito illustrate,
the 7apabilities of the CVEX code and explore its applicability to PIXWY-1l5 and
iomilar. underw~tev explosives. Several of the inpu~t parameters are spe-cified
only appro'iiratxly. but with iuftiierit piecrsiow~ so that confidence can be
p'ac t d in the general tre-nds. shown b y the results.



The input information required to run CPE-X is shown in Table 3. The ideal
detonation velocity and CQ gamma were obtained from the BKW results
described in the previous section, and the heat of reaction was estimated from
the standard relationship between detonation velocity, gamma, and heat of
reaction. The 1-ugoniot paramneters for RDX were taken fromk the Lawrence
Livermore compilation I 181, while the Hugoniot parameters for the solid phase
were combined using the me-thod of Afanasenkov et a! 1141 from the pararneterst
for AP 1191, Al [201 and binder 1211. The ho~t spot reaction time and critical
pressure and liquid and solid reaction times, were estimated by fitting to the
experimental data of Forbes et sat descr-ibing the vanation of detonation velocity
with charge diameter for unconfined charges.

Table 3: Inpit Data ;7 CPEX Code: hot spilt Content equ~ated to initial zviJjike; CI
pajramneters .4om, BKoV- d~e. anJ Je~l"ijticn -'etvitv measiurcnents frprn Fci+ý et At

Ideal detonation k .-m' 14 OIX

ki-t t reatwin Mi 6~~ 3rsO

(;Gnamr6AWal - v~pirJd izas~5

C"r'n.a Cl - 1jj (I

Flu nwr- - I 'ft7.

Kit %put1 rva~tt-r. t.M

I .i.i .;X'i 'rii:,a r.j, -I ~ ' 5'5

I TuJlj n,'btlurl ljmc9 1 is

I iquid hot -.pt tjat,,r I (555

14,;d hot *Fx,t ta~lr i

kinetc n0%xkI flJK (d'tJu~t 41) ))A

FI gure 1 show% the detonation velocity - inverse diame-ter relationship for-
unconfined PBXIV-115 predicted by CPEX using the paramneter values in
Table 3. The lower branch of the curve represents an unstable Setl of 150lutions
to the divergent flow theory. It cvfrrospnnds to sets oif ctinditions .wlswd can
just maintain a steadv detortation in the absence of ;x-rturbations, but which
would either dtrcav to failure or k-ad to detonation at tts.. high. * %ue in the
prtesence of tiny random fluctuatin%. The upper branch of the -,.'ve is a
rvasonible fit to the exririnnental data. The predictted critical diai--efr is
.'4 5 mm. which is very closeto the expeirimrental value of 37.1 t 1.6 mni:1
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I Igiirr 1. 11f~.L4 :Y!.'-l~v ~ty'hw inflyTi chargef Jiwmeter for uncon fined
UX'- 0 5 T•• !

1 
Th tvy:-,!s are eiri•.irntjl data ForvDs et a.] III, the so•lJ line s

"the 'iFX it uig -he d.im ini Table 3.

lorNts rt al haw.e also mcasurd the detonation v.ekxity - diameter effect for
t - h.rg, I confined in 2 5 mm and 5.0 tmm brass tubes. They found that the
krntital diam-eter fr 1; mm thick brass confined charges was about one half that
Mt the unconfirnd critical '%ameter. , Since the difference between the cnhcat
Jd.int'tcr% of 2 5 and 50 mm brass confined charges was so small they 'expeed

thit only %lightly smaller cltical dtametm would be obtained if brass

confinerment greater than 5.0 mm was used. Figure 2 shows the CPEX
proJiction for the detonation velocity - diam&etr effect for charges confined in
'brass tubes. ThI CPEX calculation assumes an effectively infinite degy", of

confinemrent, and apprumimate shock transit time calculations show ,tAt 5 mm,
thick brass confiivme-nt provides sufficient irwrpedance to prevent the
trartfactions from tffecting the reactio zone.w The agreement is not quite as
good in this cawe; CPEX predicts a critical diameter.of 22 mn% while the.
exxp-rnmerntal value is approoximately 17 mm.
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As discussed in Section 2, when considering two-dimensional divergent
detonations some concepts from the onc-dimensional hydrodynamic theo'v of
detonation require modification. One of these is the concept of the CQ point.
In one-dimensional theory the CQ point is defined as the point in the flow at
which the sum of the particle velocity and local sound velocity'is equal, to the .
detonation velocity. At this point the rate of reaction is zero, and the reaction
zone can be defined as the distance between the sh(ok front and the Cl point.
In two-dimensional flow the CJ point must satisfy two conditions; the first is
the one-dimensional condition defined above, the second i. due to the
divergence of the flow and requires that the reaction satisfy a criterion such that

the rate of cher.acal energy release is balanced by the energy diminution-due to
lateral flow expansion (i.e. equation (22)). Thus the reaction rate will alwa%,s
have a finite value at the CQ point in divergent flow and the identification of the
reaction zone will be less precise. This efiect is illustratL~d in Figure 3, which
shows the extent of reaction at the CJ point as a function of the inverse
diamneter. At a diarmeter of 41 mm for example this llot -shows that only 25'-
reaction has occurred by the CI point. As the diameter increa,,es the flow
becom.ei mirx one-dimrnenisonal and we find the extent ot reaction tending to I i!
at the CQ point as the diameter becomes infinitely large.

Friure 2: Delonation tield0fty zrsus inverse charge diamcter f'r I'l"XW.lA oI.ireJ
in bras%. The squares are exp't'rimental data from lorbhs et at /l/, the sohJ line is the
CPEX fit using the data An Table 3.
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Figure 3: Exnt c' reaction at the Cl point vrsu.. invnre charge diameter bir
i ,':',:'znej PBx '$-!I15 caltulated by CPEX using the input data in Table 3.

I he CI dlstancte is detined as the distance between the shock front and the CQ
oxint and Iigure 4 shots.a a plot of C1 distance against inverse diameter. At

"infinite diameter th,. ii equal to the ideA ýne-dimensiinail reaction zone length
and Figure 4 indicate• that thi% is approximately 70. mm. As the diameter

di.creases the CQ distance de,-rc.iaes as well because more of the reaction energy,

is con.tributing to driving thv I o',ral divergence. Figure 4 indicates CJ
distance'o qf approxima.ly I nm to 13 mm ii the diameter range 40 mm to
70 mm. Fbrtv.s et ai have usd .meaurenrients of the radius of cuirvature o' the
detonation front and us.ed the original Wood-Kirkwood theory to estimate

rvattion zone lengths of ? to 4 mm for this diameter range. The latter

v~timatIe•'of Cj distance, differ from those of CPEX due to the effects of several

adsumptwnsn made in the original 1oVood-Kirkwood theory. These included'a
Simplified geowm.'ry of the reaction zone, an artificial pressure 'profile, density

ratios behind the shock and at the sonic plane appropriate to a particular liquid

explosive, znd the assumption that reaction is complete at ihe sonic planie. The
il.fnite diameter reaction zone length b6 70 mm is large mainly because the
reaction is much. s•ower than thos.e for the common ideal military explosives.
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Figure 4: Distance hetween shock front and C1 point tvrsus inverse charge dwmet'er
for unconfined PBXW-115 calculated by CPEX using the input data in Table 3.

l.cause of the very low level of voidage in PBXW-115 a more likely approach
is to assume that hot spots form at RDX sites in the matrix, and thus to equate
the hot soots term in the reaction rate law with some fraction of th- RDX
content of the explosive. We have found improved agreement with, the NSWC
data by considering a model in which half of the RDX is used to form hot spots
and the remaining RDX and all of the AP and binder react on the aitermediate
time scale, with the A] alone reacting on the slowest time scale. Wlehave also
used the C1 parameters obtained from the IDEX code for this particular
calculation, and a complete list of the input data for the CPEX run is shown in
Table 4.
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Table 4: Input data por CPEX Code: hot spot fraction equated to 50% initial RDX
content. C1 parameters from ICI IDEX Code. Detonation velocity measurements from
Forbes et al. 11".

Explosive porous density g/cm
3  

17900

Ideal detonation velocity km/s t,.J350
Heat of reactioh Mj/kg 82000
Ideal Effective Energy Mj/kg 4.6740
Gamma Ideal - expanded gas 1.3410
Gamma CJ - ideal CJ 1.6490
Density liquid ingredients g/crn3 1.6870
Hugoniot intercept - liquid km/s 2.4610
Hugoniot slope - liquid 1.6000
Density sol'd ingredients g/CM 3 2.7000
Hugoniot intercept - sol:J km/s 5.3500
Hugoniot slope - solid 1.344,0
Mass fraction, of liquid 0.7500
Fl•t spot reaction timt s 34.2000
Hot spot critical pre-um, 6PA ,5000
Liquid reaction time Pis 380.0000
_'olid reaction time Ps
I iqu:d hot spot factor 0. 1450
Solid hot spot tactor AN.0(X0

Kinctic model flag (default 0' 1.000W
I lot spot pressurt exponent 2.0IY)0,
L.quid pressure exponent 1.0000
Shid pvssure exponent. 1.0000

Figure 5 shows the predicted detonation velocity as a function of inverse
diameter for the input data in Table 4. This shows a much better fit to the
experimental data (cf. Fig. 1) and predicts a critical diameter of 38.5 mm, which
is within the experimental value of 37.1 - 1.6 bmm. Figure 6 shows C1 distance
versus inverse dinimeter.

Bloksteiner et al. 191 have recently performed a series of detonation velocity
measurements on cylinders of Australian PBXW-115 with diameters in the
range 40mm to 200 mm. The resultM (along with a CPEX fit to the data) are

-'own in Figure 7. The critical value for the Australian made explosive was
found to be approximately 80 mm, which is about twice the value for the'US
composition. Hence both the US and Australian measurements covered a
range of approximately one to two critical diameters for their respective

formulations, and within this range the detonation velocities are very similar.
'Figure 8 shows both sets of data as a function of diamefer d, where d has been
divided by the appropriate critical diameter d4 for each explosive. For a given

value of scaled diameter the two sets of results differ by no more than a few.
percent.
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Figure 5: Detonation velocity versus inverse charge diameter for unc-4m~ine.
PBXW 115. The triangles are the experimental data from Forbes et al. Il11. the solid
lint is the CPEX fit using the datz in Table 4.,
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Figure 6: Distance between shock froit and C1 point versus inverse chate•, diar•m,.i

for unconfined PBXW-115 calcukted by CPEX using the input data in Table 4.
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Figure 7: Dcteoation relocity versus inverse charge diameter for unconfined
PPVX 1 15 The triariel,N are the exp-rimental data from Bjcksteiner et al. 191, the
.,,od line is the CPEX !it using the data in Table 4, and tht changes described in the
text.

While the Australian and American formulations are nominally the same,
there are differences in the nature of the RDX used in thel two compositions
because of differences in the method of manufacture.. The American RDX
contains approximately 8% HMX, while the Australian RDX is completely HMX
free. The HMX content would make the US PBXW-115 slightly more shock
•,en~itive, and hence may explain the smaller critical diameter. The different
sensitivities of the RDXs used in the two compositions will also. change the time
constants in the reaction rate law for those processes connectdd with the RDX
decomposition. To obtain the CPEX fit to the data shown in Figure 7 we
increased the hot spot reaction time from'34 ps to 110 ps and the intermediate
reaction time from 380 ps to 800 ps. The values of all other constants were 'he
same as used in obtaining the CPEX fit to the NSWC data shown in Figure S.
The excellent fit to the data shown in Figure 7 is encouraging evidence that we
are correctly modelling the basic reAction mechanisms occurring in PBXW-115.
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Figure 8: Detonation velodity as a function of scaled inverse diameter for the data of
Forbes et al. [11 (triangles) and Bocksteiner et a!. 191 (squares).

WAe intend to further validate this model by comparii g its predictions against
a variety of experimental data. The effect of both brass and steel confilnement
on failure' diameter will be calculated and compared with t•e results of
experiments currently in progress at MRL (13ocksteiner [221), and we also intend
to use a version of the DYNA2D code containing the CPEX reaction rate scheme

and equation of state to model aquarium test data obtainea using the US
formulation. A reactive Flux-Corrected Transport code will then be us~d to

simulate the corner turning experiments of Forbes et al. [1i.

5. Discussion and Conclusion

The application of CPEX to PBXW-I11 enables us to calculate many esplosive

properties as a function of the charge radius. It also allows us to obtain
information on the reaction time scales of the various' components and the

degree of reaction at the CJ point. CPEX.provide• a complete model for a
slightly divergent non-ideal detonation for iexplosi'ves of commei'cial interes.t. '

Other methods have .been published which estimate the performance of

commercial or non-ideal explosives and it is pertinent, to mention some oi the.c

h_,re.
Johnson et a!. (31 have used data from the aquarium test and Combined this

with BKW and two-dimensional code calculations to infer informatiot: about the

degree of chemical reaction at the detonation front for .several comm-rcdal
explosives. A BKW c~alculation was made using the initial de' L'ity ani
chemical composition of the explosive assuming thermodyna~nic ,'ouilibriuni

I ,. ' -.



and complete chemical reaction at the detona.i'on front. The BKW calculations
werm then compared with the measured detonation velrC.iv. Generally, the

measured detonation velocity was well below the theoretical prediction,
indicating that reaction was incomplete at (or ve.y near to) .,z detonation front.
Additional BKW calculations were then performed with varying amounts of

the constituents withheld from chemical reaction at the detonation front until
agreement was achieved between measured and calcua;ted detonation speed.
If the explosive contains several non-energetic cec.ponents then some chemical
knowledge is required at this stage to decide whi.h components should be
reacted. An equation of state of the detonation products can then be
constructed and used in a two-dimensional hydrocode calculation to simulate
the aquarium test data and predict the position of measured shock wave and
confinement/water interface positions.

Additional assumptions regarding post CQ reactin are then ne,:es.ary to
match measured and predicted positions. Johnso, ind co-workers 13) have
applied this approach to ANFO, aluminized ANIFO and several other
commercial products. For 11% aluminized ANFO the results could be
described by assuming that 60% uf the AN and all of the aluminium react by
the CJ plane, with the remaining AN reacting within a few microseconds.
Similarly, their calculations for ANFO indicated that 55% of the AN remained
inert at the CJ plane, and then complete reaction occurred within a few
microseconds.

However, these stuidies employed an artificial burn model to advance the
detonation front in the hydrocode simulations. This imposed an artificially
large radius of curvature on the detonation front, distorting the hydrodynamic
flow in the vicinity of the explosive/confinement interface. Furthermore, this
procedure imposed an artificially short reaction zone length, and hence ignored
the energy delivered to the surroundings by expansion within the reaction zone.
By performing a proper two-dimensional resolved reactive flow simulation
using the hydrocode DYNA2D modified to include the CPEX equation of state
and reaction kinetics, Kennedy 1231 was able to reproduce the ANFO aquarium
data of Johnson et al. 131 with no a priori, assumptions. The predicted Cj zone
length was 16 mrm, with the extent of reaction at the CQ surface being 95%
(cf. 55% from Johnson et al.) on the charge axis, dropping to 83% at the
ANFO/confinernent boundary.

Wannigr et al. (241 have investigated the detonation properties of avariety of
ammonium perchiorate explosives using an approach, similar to Johnson et al.
They have varied the fraction of AP reacting in the detonation front in a BKW
calculation until agreement is obtained with experimental detonation velocity
measurements. ,Theyhave then combined these reaction schemes with an
underwater hydrocode to calculate relative shock and bubble energies.

The manner in which we have measured the reactions of the various
components of PBXW-115 to the reaction rate model in CPEX is sifnilar to the
schemes used by Murphy et al. 1251 and Tarver and Green 1261 to model
composite explosives and propellants. Murphy eta!. have studied a family of
explosives containing HMX/AP/ZrH 2/binder using a three term ignition and
growth model The first term in the expression for the rate of reaction is the
hot spot ignition term and their model assumes that the initial hot spot fraction
is equal to the initial void fraction. The second term describes the growth of
the ignited hot spots; previously published rates for HMX were used for this.
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The third term describes the rate of reaction of the remaining components.
Tarver and Green have studied a propellant composition containing

HMX/AP/AI/binder using a similar scheme; the first term describes hot spot
ignition, the second the giowth rate of these hot spots ':.ing previously
published HMX rates, and the third term describ'> the, ;ý.I bal reaction for the

rest of the propellant (AP/Al/binder). The unki. ,'n constants *n the reaction
rate terms were estimated by fitting to experimental data from embedded
multiple manganin pressure gauges in sustained pulse experiments using a four

inch gas sun. Tarver and Green then used this calibrated reactien rate model
with the DYNA2D hydrocode to estimate the failure diameter for this particular
composition.

Leiper e' l. 181 have also used the CPEX reaction rate model in the DYNA2D

code to model an air sensitized water-in-oil emulsion explosive of composition
78.7% AN, 16% water and 5.3% oils and surfactants. They calculated density
profiles and other flow field variables and found good agreement with
experiment.

Interest at MRL is centred on the estimation of relative shock and bubble
energy for PBXs of the PBXW-115 type. One possible approach -to thisproblem
is to use the reaction rate parameters obtained from CPEX, calibrating these to
experimental data on the unconfined detonation velocity-diameter effect, and
then using this reaction scheme in a one-dimensional hydrocode to simulate
underwater blast. A one-dimensional hydrocode for detonation calculations
has recently been developed at MRL [27] and is currently being mod-fied for

application to problems of this type 1281. Such an approach however requires
the ovailability of a code such as CPEX, and experimenta' data for calibration
purp 'ses. It should be noted that CPEX took 10 man years to develop and,
while a similar code could probably nowy be developed in less time, it is
unlikely that MRL could devote the necessary resources to this.

Another approach would be to follow the method of analysis of Johnson et al.
[3]. This has the advantage of the ready a'ailability of all necessary codes, but

would require the establishment of facilitis to ena le aquarium test data to be
obtained for PBXW-115. It should be noed also •iat Bdzil and co-workers
129, 301 have c'eveloped a slightly different analysis of divergent flow theory
based on the orginal Wood-Kirkwood paper and have developed a Detonation
Shock Dynamics (DSD) code to model flows for which the local radius of
curvature is very much greater than the , reaction zon6 width 1311.

Whichever approach is adopted, it is .vident that far more detailed

experimental characterization of the particular explosive under study is.
required. Hydrocodes are unable to make, reliable predictions of relative shock
and bubble energies unless considerable experimental data is availaLle to allow
accurate parameterization of the appropriate reaction rate equations. Once this
initial information has been obtained modelling techniques can then be used to
investigate the effect of small changes in the formulation on the underwater

performance of the explosive. These techniques will decrease the :-u.,irement

for expensive field testing and provide efficient and relatively fast methods for
estimating trends in underwater performance.
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