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Abstract

We present a detailed description of the use of the ICI non-ideal detonation code CPEX
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-Jouguet parameters -~
for PBXW-115.  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 u.:h charge diameter. The

data is best fiited by a three term reaction rate model which equates hotspot content to

" some fraction of RDX content, the intermediate scale recction primarily to the AP

decomposition, and the slowest process to the Al reaction. After adjusting some of the
reaction time constants because of differences between the US and Australian - ‘
compositions the model then accurately teproduces the variation of ddommon velocity | -

with charge dmmder found' for Australian PBXW-115. T Acceswn tor
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Application of the CPEX Non-Ideal
Explosive Model to PBXW-115

1. Introdilction

)
'

‘Several years ago Materials Rescarch Laboratory (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
proposed. 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 active:development in the US, was identified as
be‘ng 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 consider lhe 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 concentraied on the blend
of RDX grades, the Al particle size, and both the binder chemiistry and
mechanical techniques for processing the formufation. .

In paralle! to these predominantly chemical studies, we have undertaken an
investigation‘into 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 {1] 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-J pressure, velocity, or

expansion isentrope significantly different from those expected from

equilibrium, steady state calculations such as those performed by the computer '

code BKW [2].. Johnson et al. [3] 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 detonation front. We will consider ihis
approach in more detail in a later section.

All explosives exhibit some form of diameter effect in which the detonation
velocity decreases with decreasing charge diameter until a critical drameter is
reached and stable detonation cannot be sustained. For ideal explosives ths

. change in velocity with diameter is minimal until very close to the critical
diameter, whereas for non-ideal explosives the diameter depend 2NCE iS5 VELY
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 diamuter
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 4l

To model the performance of commercial explosives Kirby and Leiper have

developed a small divergent detonation theory for intermolecular explosives 15].

Their model has been developed into the computer code known as CPEX
(Commercial Performance of Explosives) and used for a variety of applications
16-8].

In this report we describe the application of the CPEX code to PBXW-115
using experimental data on the detonation velocity /diameter effect obtained by
Forbes et al. {1}, and also by Bocksteiner et al. {9} in a recent MRL field trial.
Scction 2 describes the theory and basic equations underlying the CPEX code,
and Section 3 discusses the problems involved in calculating the equilibrium
Chapman-jJouguet st~te for PBXW-115, which is needed as input for the CPEX
code. In Section 4 we describe the results obtained from the application of
CPEX to PBXW-115, and 1n the final section we discuss 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 {5}, which is a further development of the work of Chan {10}, and is
_ultimately based on the small divergent detonation theory of Wood and
Kirkwood [11]. The theory is applicable to both unconfined and confined
axisymmetric detonations and its application requizes the numerical solution of
a set of coupled, nonlinear ordinary differential equations between the shock
front and the end of the reaction zone.

A detonation wave is a supetsonic shock wave 1travellmg through a reactive -
medium. The high temperature generated by the passage of the shock through
the material initiatcs chemical reaction and energy release. A stable detonation -
with a unique detonation velocity (the Chapman-jouget or C-J velority) will
then develop if the chemical reaction zone can remain coupled to the wave and
continuously feed energy to the shock front. - Any model of a detonation
therefore requires the simultaneous solution of the ~oupled equations describing




both material flow and chemica! 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

dp

~7 +V-(pp) = 0 ‘ m
2D+ v(pye) - -9 @
%% ¢ V(Ep) = -V +(Pp) : &)

where 2 is the density, ¢ the fluid velocity, axlid ™ the pnessu're. The quantity E
is the total energy per unit volume and is defined by

Eupeo_;_pg-y_ “@

where ¢ is the specific internal energy.

- The extent of chemical reaction is described by a progress variable A, which is
the fraction of reacted explosive in the material. The equation govemmg the
time evolution of A has the form

~da

« R(p PA) )
ar "R

where the exact functional form of R will be specified shortly. Note that the

time derivative in equation (5) is a total time derivative followmg the fluid flow

and has. thc form '

,a_ ?__O(v V) 6)

The CPEX code modéls steady state uctonation in a cylindrizal charge for the
case of slightly divergent flow. In this case several simplifications can be
made. We first rewrite equations (1) to (3) in an axlsymme‘nc cyllndncal
coordinate rystcm

dp.

o
W»p(u,‘vwf)»p_f.-o_. ; @
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Hlere u and w are the axiai (1) and radia; (r) components of the velocity vector p
and suoscript x or r denotes partia’ “ifferentiation with respect to x or .

Using the steady state condition and the assumption of small divergent tlow,
and considering motion only in the axial direction (at r = 0, i.e. along the
centreline), equations (7) to (12) and equation (5) can be written in the form

. up, +pu, = -2pw, an
puu, +l P.=0 | (12)
Pr =) (13)
.
€~ ? P, =0 1y
A, =R/u (15)

Kirby and Lieper [5] further simplify the above set of equations by using the
equation of state in the form e = elp, P, &) to detive the following expression for
px

P‘ . czp‘ < ,pvcqu‘ ! .(16)

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

NELI P ' -
el' [FIJ/PC .. . '

The quantity @ is a measure of the heat release. The system is exothermic if ¢ -
is positive and endothermic if ¢ is negative. Use of equation (16) then results
in the following defini1.g set of equations .

By » =Plu, +2w)/u . as)




u, = (1-u2/c?)/(oR -2w,) : 19)

Ty ' o)
p
A, = R/u @

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 {12}, 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 untl ali of
the explosive has been converted to detonation products. In the one-
dimensional case (i.e. w, = 0), equ iticns (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 at which the sum of the fluid velocity plzs
the local sound speed is equal to the detonation velucity. This is an important
point in the flow because if reaction occurs beyond this point then the energy
which is released is unabie to coniribute 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 CJ point. Equations (18) to
(21) (for finite w,) can be used to show that the reactior: must satisfy the
following criteria at the CJ point

oh, = 2w, /u L@

which lmplxes that the rate of chemical energy release is balanced by the energy
dirrunution to *he lateral flow expunsion. 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 teyond the CJ point. This means
.that the detonz io: velccity for a cylindiical charge with a finite diameter will
always be less than the planar or CJ value, and will only approach the Cj value -
as the diamreter becomes infinite.

Before equanons (18) to (1) can be solved an expression for the radlal

- divergence w, must be specified. It is easily shown [12] that w, can be related
.to the radius of curvature of the detonation front, Ry, by the expression

w, = (D-u)/Ry . o)
where D is the cetonation velocity and (o} is the flow velocity at the shock
front. The problem thus reduces to the specification of Ry. The developers of
the CPEX code surveyed many éxplosives and found that Ry was inversely
proportional to charge diameter d, provided that both R, and d were scaled by

1l




the critical diameter d,. There is some scatter in the data, and the
proporticnality constant depends on whether the explosive is a Group 1 or
Group 2 explosive (as defined by’ Price [13]), but the correlation is sufficiently
strong encugh to provide the rcessary relationship between Ry and d.  If more
. eract experimental data are available for a particular explosive then CPEX has
an option to iccept this data. We used both methods in our analysis of
PBXW-115.

The reaction rate law used by CPEX has tlie fellowing functional fo=in to
allow for the multi-phase, multi-component nature of composite explosives

b, b, '
ca- M“:.(P P wP' 4P, @8
T T, T T

The subscripts h, I, and s refer to the hot spot, matrix (in commerc"al ex'plosives
this is often a liquid phase) and included solid phases within the explosive.
The pressure exponents b, (i = A, [, s) are normally set to unity and the g; are
gaussian form functions which switch the reaciions on and off as the various
phases are ignited and consumed. The q; depend on A and the initial
formulation’ of the exglosive. The 1, are characteristic reaction times for each of
the phases, and P, is « hot spot critical pressure. In typical applications of
CPEX the a; and b; are fixed and the t; and P, are used as adjustable fitting
‘parameters.

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

e=Lg-7 ' (25)
P .

The reasoning behind the choice of equaticns {25) and (26) to describe the
. equation of state is discussed in detail by Kirby and Leiper [5]. The values of
the constants g, 1or the explosive products are found by fitting to isentrope data

from an ideal thermodynamic code, while the constants for .he unreacted phase

are obtained by considering the shuck state of the explosive a:.d using known
Hugoniot data. The unreacted solid state is usually a mixture of ingredients,
and in this case the Hugoniote of the components are combined using the
method of Afanasenkov et al. [14].

Equations (18) to (21) are a coupled set of nontinear ordinaty differential
equations which must be solved subject to a mixed set of boundary conditions;
at the CJ plane both the C] condition and equation (22) must be satisfied, and
inunediately behind the shock front the variables must agree with the unreacted
shock state. The detonation velocity now becomes an eigenvalue f the
equation set and its value is dependent on the charge diameter, de;.ree of

.confinement, and on the chemical reaction rate of the explosive.

In typical applications of CPEX the equations o” state of both reactants an.!

pfoducts are known and the ideal CJ parametefs are pbtained from a chermcal




- equilibrium code such as BKW or the ICT IDEX code. The reaction rate

parameters t; and P, are then estimaied by using CPEX o obuain a fit to
experimental data on the variation of detonation velocity with charge diameter,
and then CPEX can be vsed to predict the explosive performance for a variety
of confinements [7], as well as the effect of charge diameter and porosity or
ini**ation behaviour [6}, and also to make comparisons witl: other theoretical
approaches for predicting the performance of condensed expiosives [8]. S

3. Calculation of Equilibiium
Chapman-Jouguet State

Befcre running CPEX con a particular explosive formulatior: an estimate must be
made of the C] velocity and ideal C] gamma for the given explosive. This can
be done using any chemical equiiibrium detonation code and we have used
both Mader’s BKW code and the ICI IDEX code to estimate tnese parameters for
PBXW-:1%,

The BKW code employs the Becker-Kistiakowsky-Wilson (BKW) equation of
stzte to calculate the detonation properties of explosives [15]. Steady-state
time-independent behaviou~ is assumed and the detonation products are
considered to be in instantaneous chemical equilibrium. For an explosive
consisting of a mirture of chemical compounds the necessary input data are the

_fraction by weight, ¢iemental composition, and heat f formation of each

compound. The code requires the entropy of the product species to be
cxpressed as a polynoimial function of temperature and thon the defonation
parameters are caiculated by iteratively minimizing the free energy once an
initial guess of the product composition has been made.

The MRL version of BKW is run through a.user interface package known as

"USERBKW [16]. Tais 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, BRWCMP, , -
BKWGAS and BKWSOL. -BKWCMP contains information on standard

 explosive components while BKWGAS and BWKSOL contain information on

gaseous and solid detonation products. It was necessary to update BKWCMP
by the addition of the elemental composition, heat of formulation, density, and
formula weight for AP, while BAWGAS required the heat of formation, entropy

" constants, and the covolumes for both HCl and.Cl,. These wete obtained from

standard compilations {17]. For ihe purposes of the BKW calculation the HTPB
binder in PBXW-115 was replaced by an existing plasticizer in the BKWCMP
database (CHH-;GOS) This should have neghgxble effect on the mlculated q
parameters.

USERBKW provides three methods for esumatmg the initial amount of each -
of the assumed detonatior roducts; explicity, where the user gives his own
estimates, hierarchically, where the user assigns priorities with first priority

+ .being given fc the proc "ot most ‘kely to be formed, and by default. We used

both the e:iplicit.and tu-‘rarchicai methods and these gave quite different initial
estimates of the equilibrium products.  However, when both these estimates

13




were given to BRW and the free energy minnuzation procedure was followed
the final equilibrium state produced by each estimate was identical, as Table |
shoivel The detonation parameters at 3 density of 180 Mg/m? calculated by
BRW are also bisted 1n Table L

Table 1: Detonanen froducts for PBXW-115 Calrwlated by BKW Code

N

~ual N Moles 1100 g explosive E
{rial No ot Moles 1100 g explosve Eguiibnum (Firah)

Spew ey o ) i i :
' . f > Toe
Exphint Hararchical No. of Mol
H: Cew e 0t - 0 %k
e S GO G XMy
.
e NTAN 0174 00443
N C483 EEY 0453
e e R PR - 02 -
L Yisd NI PR Y (3342
\ ll
HO o A3 D67
H s .
(S} Y R R
Lo ndy ! B Voo (RN o §
ALAY, PR TR . et
)
.
CJ Parameters:
Depsty o~ Tt
Gamma - 7 '8 .
Detorati - cgwrprgre - SITS K

Detoratior ressure = 2% (I
Detonation Velosaty = K05 mmips

The C) pressure of 288 GPa and detonation veloaty of 805 mm/ps are both
higher 2un expocted  forbes has measuned the C!pressure of PBXW-115
usinyg the aquanium test micthod and found a value dose t0 122 GPa. While
the angiysis of the squanum test data ts based on exprmsions which are only
valid tor ideal explovses, @ that some error s introduced in caleulating C)
pressures for nondeal expk wives, 1t s thought that this would introduce crrors
of no more than about %7, so Jue value of 284 GPa must be viewed with some
;U\‘“('l“ﬂ '

Forbes has also messuned the dependence of the detonation veloaty on
charge dameter (1L and the evapolated infimte diaameter Jetonation veiocity




from this data is 6.195 mm/us; the value cbtained from the MRL detonation
velocity /diameter measurements is 5.650 mm/ps. These values may
undeérestimate the C] 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 reachons from contributing.  When
considered in conjunction with the d:scmpancv between the measured and
predxcted CJ pressure however, the difference between the extrapolated and
predicted CJ velocity also casts some doubt on the validity of the CJ state
calculated by BKW.

‘We have also estmated the CJ state of PBXW-115 using the W1 IDEX
chemical equilibrium code and the results are shown in Table 2. 1UEX uses an

Aintermolecular potential equation of state for fluids and a Mumaghan equation

of state for solids. -

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

Specms \Iole Numbers .
- : - abo 8 explosive)
CH, 0.13%
co - 034%
CCOy 0.00673
H, 02775
NH, ' 0 4661
H,0 02681 .
HCl 02391 o
N, oner
NO 08338 « 10
0, ‘ 02524 10°
Cl 005340
C (Graphute) o 1.0 = 10%
C (Damond) 06318
ALO, ' N 04632

Al . 10104

Cj Parameters:

Detonapion Prssure = 22518 GPa - '
Drtonation Veloaity = 666081 m/s )
Detonation Temperature + 5297 K

“Denuty = 1.7900 g/cm?

Camma = 25268 . '

The calculated €] pressure of 225 GPa is still considetably higher than the
expenmental value, but also significantly lower than the value calculated by
BKW, while the CJ veloaity of 6 66 mm/py is now much clowe to the value
obtained from the exirapolation’of the expenmental detonation
veloaty /diameter data.
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A comparison of the equilibrium compositions predicted by the two codes
shows considerable differences, with the only clear point of agreement being
complete conversion of all Al into 0.463 moles of ALO, per 100 g of explosive.
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 (] state as input to the CPEX code
calculations described in the next section.

4. Application to PBXW-115 .

As descnbed in Section 2, the reaction rate model used in CPEX involves three
distinct stages, each with a characteristic reaction time. - In the mitial ignition
phase the shocx front compresses the explosive and produces hot spots.  The
hot spots then inutiate a fast reaction in the matrix (or liquid phase), and this is
followed by a slower reaction of the solid phase as the matrix is depleted.
CPEX was developed for commercial explosives and these typically contain a
large fraction of voidage, of the order of 157 to 307 in many cases.  These
voids are important as iiwy are considered to be the sites at which the hot spots
arv formed as the inthating shock compresses the explosive.  In PBXW-115,
however, great care 1s excrased 1n processing to ensure that the voidage is
mintmized.  Compesitons recently produced at MRL. for example contain
vordage levels of less than 2%,

In order to apply CPFX to PRXW-115 1t is first necessary to dentify each of
the three stages in the reaction rate model with a corresponding process in the ’ '
vaploave decomposition. Two possthilities are immediately apparent: one is
to ascnbe the hot spot formation to the vardage, as in commercial explosives,
and then to attnbute the fast reaction to the RDX decomposition and the slower
reaction to the AP and A! decomposiion. The other possibility is to assume
neghgible voidage and equate the hot spot content to some fraction of the RDX
content, the intermediate scale reaction primarily to the AP decomposition and
the slowest process to the Al reaction.  We, performed calculations for both
schemes and the results are descnibed in this section,

The first results we desenbe are those i which we considered the RDX
component to correspond to the fast reacting liquid phase, while the ‘AP, Al and
binder together constituted the slower burnung solid phase.  We used a density
of 180 Mg/m" for RDX and 193 Mg/m’ for the combined AP,.Al'and bindcr;
the PBXW-115 had ‘a denity of 179 Mg/m” (this is the density of the
PBXW-115 used by Forbes et al [1D. Thes led to approxmately 6% voidage,

- which is cortainly higher than would occur in practice. . These calculations are | -
not intended to produce exact numbers;: they are used primanty to illustrate,

the zapabilities of the CPEX code and explore its applicability to PBXW-115 and
simitar underwater explosives.  Several of the input parameters are specified
only approumately, but wath suthicent preasion wo that confidence can be

p'aced 1n the general trends shown by the resalts,




The input information required to run CPEX is shown in Table 3. The ideal
detonation velocity and CJ 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 Hugoniot parameters for RDX were taken fror the Lawrence
Livermore compilation {18}, .while the Hugoniot parameters for the solid phase
were combined using the method of Afanasenkov et al. {14} from the parameters
for AP {19], Al [20] and tinder [21]. The hot spot reaction time and criticat
pressure and liquid and sohd reaction imes were estimated by fitting to the
experimental data of Forbes ¢t al. descnibing the vanation of detonation velocity
with charge diameter for unconfined charges.

'
1

" Table 3:  Input Data %or CPEX Code: hot spot content equated to initial reidage, CJ
parameters from BRIV code, and detomation velocity measurements from Forbes et al.
. '

Explosive porous density Roem’ 1 7%}
fdeal detonation veoty km. |1
Heat of reaction ) M) g 6 328
fdeal Ertective Freray . Mg RECR
Gamrha ldeal - vaparded gas 13000
Gamma CJ - eal ¢ ' 310
Dencty hguid irgndients g am’ 1800
Hugomotirteraepe Toud (SR 27K
Hugoriot slope - gy d ) 1 &
Denaty sold roandaers 2’ P92
Hugoriot interiept - soid [ 2788
Hugoniot siope - wind 1915
Muass traction ot Liad Cpaw
Hot spot react.on tme s ATl
Hot spot ¢riticai presaure Gla 3y
Lquid reaction time ue 9
Soiid feaction tame T [RURL LY .
Liquid hot spot tactor 1000w
Sobid ot spot factor ! L U
Kinetic model flag (defauit = 0 . 0000

Figure 1 shows the detonation velocity - nverse diameter relationship for

unconfined PBXW-115 predicted by CPEX using the parameter values in

Table 3. The lower branch of the curve represents an unstable set of solutions
to the divergent flow theory. It corresponds to sets of conditions which can
just maintain a steady detonation sn the absence of perturbatons, but which
would either decay to faiture or lead to detonation at tne high: value in the
presence of any random fluctuations. - The upper branch of the ¢wfve is 8
reasonable fit to the expenmental data. The prodicted cntical diatater is

3.5 mm, which is very close: to the expenmental value of 37.1 = 1.6 mm .
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Figure 1. Detoration sekxity veveus inperse charge dumeter for unconfined : ' '
PEXW- 115 The truanyles are experimental data from Forhes et al. [1]. the solud line s
the CPEX 4t ustmy the Jata in Table 3. .

Forbus et al have also measured the detonation veloaity - darreter effect for :
charpes confined 10 25 mm and 5.0 mm brass tubes.  They found that the ) s
cntical diameter for S mum thick brass confined charges was about one half that o ‘ o .
ot the unconfined chtical ameter. | Since the difference between the ciical o '
“Juumeters of 2.5 and 30 mm brass confined charges was so small they expected
' thit only shghtly smaller cntical diameters would be obtained if brass ]
: confinement greater than 5.0 mm was used.  Figure 2 shows the CPEX " , T
prediction for the detonation veloaty - diameter effect for charges confined in o ’ '
‘brass tubes.  The CTEX cakulation assumces an effectively infinite degre» of S
confinement, and approximate shock transit time ‘calculations show that 5 mm: S
thick brass confinement provides sufficient impedance to prevent the
rarcfachions from cffecting the reaction zone. -The agreement is not quite as
sood in this case;  CPEX predicts a critical diameter of 22 mm, while the
cxperimental value 1s approxmately 17 mm. '




As discussed in Section 2, when considering two-dimensional divergent
detorations some concepts from the one-dimensional hydrodvnamic theorv of
detonation require modification.  One of these is the conzept of the CJ point.
In one-dimensional theory the CJ 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 shock front and the Cj point.
In two-dimensional flow the CJ point must satisfy two conditions; the first is
the one-dimensional condition defined above, the second is 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 alway s
have a finite vzlue at the C] point in divergent flow and the identitication of the
reaction zone will be less precise.  This eftect is illustrated in Figure 3, which
shows the extent of reaction at the CJ point as a function of the inverse
diameter. At a diameter of 41 mm for example this plot shows that only 250
reaction has occurred by the CJ point. “As the dumeter increases the flow
becomes more one-dimensional and we find the extent of reaction tending to Lo

-at the CJ point as the diameter becomes infimtely large.
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Figure 2: Detonation velocity versus inverse charge dumcter for PEXW-115 convined
in brass. The squares are experimental data from Forbes et al (1], the solf hne 1s the
CPEX fit using the data in Table 3. '
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Figure 3: Extent of reaction at the CJ point versu. inverse charge diameter for
wncenfined PBXW-115 calculated by CPEX using the input data in Table 3.

The C distance 15 detined as the distance between the shock front and the CJ
point and Figure 4 shows a plot of C] distance against inverse diameter. At
infipite diameter this is equal to the ideul sne-dimensional reaction zone length
and Figure 4 indicates that this is approximately 70.mm.  As the diameter
ducreases the CJ distance decreases as well because more of the reaction energy.
15 contributing to dnving the fatoral divergence.  Figure 4 indicates CJ
distances of approximately | nm to 13 mm in the diameter range 40 mm to
70 mm. Forbes et al have used measuremients of the radius of curvature or the
detonation front and used the original Wood-Kirkwood theory to estimate
reaction zone lengths of 2 to 4 mm for this diameter range.  The latter
estimates of Cj distances differ from those of CPEX due to the effects of several
assumpticns made in the original Wood-Kirkwood theory. These included 'a
simplified gromeiry of the reaction zone, an artificial pressure profile, density
ratios bohind the shock and at the sonic plane appropriate to a particular liquid
explosive, and the assumption that reaction is complete at the sonic plane. The
u.iinite diameter reaction zone length of 70 mm is lasge mainly because the
reaction is much.slower than those for the common ideal mulitary explosives.
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Figure 4: Distance between shock front and C| point versus inverse charge diameter
for unconfined PBXW-115 calculated by CPEX using the input data in Tatle 3.

o » . " Because 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 spots term in the reaction rate law with some fraction of the 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 intermediate '

time scale, with the Al alone reacting on the slowest time scale,  We have also
used the CJ parameters obtained from the IDEX code for this particular
calculation, and a complete list of the mput data for the CPEX run is shown in
Table 4.
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Table 4: Input data for CPEX Code:  hot spot fraction equated to 50% initial RDX
content. C| parameters from IC1 IDEX Code. Detonation velocity measurements from
Forbes et al. [1],

Explosive porous density " g/em? T 17900
* Ideal detonation velocity km/s +.3350
Heat of reactioh . Mj/kg 8.2000
Jdea) Effective Energy Mj/kg - 4.6740
Gamma ldeal - expanded gas 1.3410
Gamma CJ - ideal CJ . © 16490
Density liquid ingredients ’ g/cma. : T 16870
Hugoniot intercept - liquid km/s 24610
Hugcniot slope - liquid ' 1.6000-
Density solid ingredients g/cm? 2.7000
Hugoniot intercept - sol:d ' km/s 5.3500
Hugoniot slope - solid ) . 1.3400
Mass fraction of liquid - 0.7500
Hot <pot reaction time ©ous . 34.2000
Hot spot critical pressure . Gla , 2.5000
Liguid reaction time e us © o 380.0000
Solid reaction time us 00000
Ligu:d hot spot factor ) 1.1450
Solid hot spot factor . . ) 9.0000
Kinctic model flag (default = ) 1.0600
Hot spot pressure exponent - : 20090,
L.quid pressure exponent ) 1.0000
Solid piessure 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
evperimental data (cf. Fig. 1) and predicts a critical diameter of 38.5 mm, which
is within the experimental vatue of 37.1 = 1.6 mm. * Figure 6 shows C} distance
versus inverse diameter.. .

Bocksteiner ef al. [9] have recently performed a series of detonation velocity
measurements on cylinders of Australian PBXW-115 with diameters in the
’ range 40 mm to 200 mm.  The results (along with a CPEX fit to the data) are
—<hown 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 diameter d, where 4 has been
divided by the appropriate critical diameter 4, 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 unconfired
PBXW-115.  The triangles are the experimental datg from Forbes et al. [1], the solid
"line is the CPEX fit using the data in Table 4.
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for unconfined PBXW-115 calculuted by CPEX using the input data in Table 4.
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Figure 7:  Detoration velocity versus inverse charge diameter for unconfined

PBXW-115. The triancles are the experimental data from Bcksteiner et al. [9], the '
solid line is the CPEX /it using the data in Table 4, and the changes described in the

text. ’ .

While the Australian and American formulations are nominally the same,
there are differonces in the nature of the RDX used in the 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
sensitive, and hence may ¢éxplain 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 connected 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 intermediaie
reaction time from 380 ps to 800 ps. The values of all other constants were the
same as used in obtaining the CPEX fit to the NSWC data shown in Figure 5.

" 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 velocity as a function of scaled inverse diameter for the data o
Forbes et al. [1] (triangles) and Bocksteiner. et al. [3] (squares).

We intend to further validate this model by comparii g its predictions against
a variety of experimental data. The effect of both brass and steet confinement
on failure' diameter will be calculated and compared with the results of
experiments currently in progress at MRL (Bocksteiner. [22]), and we also intend
to use a version of the DYNAZD code containing the CPEX reaction rate scherne
and equation of state to model aquarium test data obtainea using the US
formulation. A reactive Flux-Corrected Transport code will then be uséd to
simulate the corner turning experiments of Forbes et al. [1].

Discussion end Conclusion

'
!

The application of CPEX to PBXW-115 enables us to calculate many explosive
properties as a function of the charge radius. It also allows us to obtain
information on the reaction time scales of the varivus components and the -
degree of reaction at the CJ point. CPEX: providcs a complete model for a
slightly divergent non-ideal detonation for explosives of commetcial interest.’
Other methods have been published which estimate the performance of
commcmal or non-ideal exploswcs and it is pertinent to mention some of these
here.

johnson et al. [3] have used data from the aquanum test and combined this
with BKW and two-dimensional code calculations to infer informatiot: abcut the
degree of chemical reaction at the detonation front for several commercial
explosives, A BKW ¢alculation was made using the initial de ity and
chemical composition of the explosive assuming thermodyna:nic \vmhbnum




and complete chemical reaction at the detonation front. The BKW calculations
were then compared with the measured detonation velrcity.  Generally, the
measured detonation velocity was well below the theoretical prediction, ‘ ) ) '
indicating that reaction was incomplete at (or very near to) .2 detonation front. ' ’
Additional BKW calculations were then performed with varying amounts of
the constituents withheld from chemical reaction 3t the detonation front until
agreement was achieved between measured and calcuiated detonation speed.
If the explosive contains several non-energetic ceazponents 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 CJ reacticit are then necescary to
match measured and predicted positions. Johasor: and co-workers [3] have

. applied this approach to ANFO, aluminized ANFQ and several other

commercial products. For 11% aluminized ANFC the results could be

. described by assuming ‘that 60% of 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 C] plane, and then complete reaction occurred within a few

microseconds.

However, these studies employed an amﬁcxal burn model to advance the
detonation front in the hydrocode simulations.  This imposed ar artificially
large radius of curvature on the detonatior. front, distorting ihe 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 [23] was able to reproduce the ANFO aquarium

data of Johnson et al. [3] with no a priori'assumptions. The predicted CJ zone
length was 16 mm, with the c«tent of reaction at the CJ surface being 95%
(cf. 5% from Johnson et al.) on the charge axis, dropping to 83% at the
ANFO/confinement boundary.

‘Wannigur ef al. [24] have investigated the detonation propertics ofa vanety of

, ammonium perchlorate 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 expetimental detonation velocity )
measurements. ' They have then combined these reaction schemes with an
underwater hydrocode to calculate relative shock and bubble energies.

The manner in which we have measured the feactions of the various
components of PBXW-115 to the reaction rate model in CPEX is sifnilar to the
schemes used by Murphy ¢ al. [25] and Tarver and Green (26] to model .
composite explosives and propellants. Murphy ¢ al. have studied a family of - : ' '
explosives containing HMX/AP/ZrH,/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 nublished rates for HMX were used for this.




The third term describes the rate of reaction of the remaining components.
Tarver and Green have studied a propellant composition coritaining
HMX/AP/Al/binder using a similar scheme; the first term describes hot spot
ignition, the second the giowth rate of these hot spots ::ing previously
pixblished HMX rates, and the third term describ~» the 1 bal reaction for the
rest of the propellant (AP/Al/binder). The unki.~ vn 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 yun. Tarver and Green then used this calibrated reacticn rate model
with the DYNA2D hydrocode to estimate the failure diameter for this pamcul.lr
composmon

Leiper ¢! 1l. [8] have also used the CPEX reaction rate model in the DYNA..D
code to model an air sensitized water-in-oil emulsion explomve 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 a;.,rocment with -
experirnent.

Interest at MRL is centred on the estimation of rclame shock and bubble
energy for PBXs of the PBXW-115 type. One possible approach to this problem
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 hydmcode to simulate
underwater blast. A one-dimensioral hydrocode for detonation calculations
has recently been developed at MRL {27] and is currently being modified for
application to problems of this type [28]. Such an approach however requires
the availability 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 now 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 availability of all necessary codes, but
would require the establishment of faciliti2s to ena’le aquarium test data to be
obtained for PBXW-115. It should be noted also ihat Bdzil and co-workers
{29, 30] have c'eveloped a slightly different analysis of divergent flow theory
based on the onginal Wood-Kirkwood paper arud have developed a Detonation
Shock Dynamics (DSD) code to model flows for which the local radius of .

" curvature is very much greater than the Lw:! reaction zoné width (31}

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 availatle to aliow
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 i;uirement
for expensive field testing and provide efficient and relatively fasl methods for .

* estimating trerds in underwater performance.
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