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FOREWORD

The work described in this report was authorized under Task 1B522301A08101,
"Dissemination Investigations of Liquid and Solid Agents (U)." The work was
started in April 1964 and completed in Aigust 1967.

Reproduction of this document in whole or in part is prohibited except with
permission of the CO, Edgewiod Arsenal, ATTN: SMUEA-RPR, Edgewood Arsenal,
Maryland 21010; however, Defense Documentation Center is authorized to reproduce
the document for United States Government purposes.

The information in this Jocument has not been cieaed for release to the
general public.
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DIGEST

Flashing of agents during the dissemination procesb oftoes the
vilectiveness ol vinamcal mmnit•.ons. A~tvrOuri,1-- -* f nctoa-l•n pr4,-

ducts of the explosive charge appears to trigger flashing, i.e., the

ignition of agent-air mixtures. The chemical composition of the explo-

sive charge detonation products controls the ignitibility of product/air

mixtures. If product/air mixtures cannot burn, one of the main causes

of flashing will have been eliminated.

At present detonation product compositiot.i cannot be obtained ex-

perimeI~tally. They .:an only be estimated by aieoretical calcyilations,

some of which are based on inadequate or even invalid assumptions. Con-

sequently, the objective of this effort was to choose the most plausible

of the currently available theoretical calculations and to use it in es-

timating product compositions of likely dissemination charges. Addition-

ally, such calculatons provide estimnteq of othcr de'tonation parameters,

such as temperature and pressure,wb-ich ray also be ilportant in some

facets of the dissemination process

The computational scheme adopted was RUBY. It was used to estimate

detonation parameters for Comp B, Comp B/oxamide. amatols, HilX, HIW/AP,

and HUX/AN. Based on these calculations explosixe charges for diagnostic

tests of agent degradation are uiuggested.
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I IfNTROUCTIONI

A. Objective and Outline of Approach

Chemical agents may dograde during their dissemination by high

explosive munitions. One of the more spectacular form of agent de-

gradation, though not necessarily the only one, is called "flashing."

As the term implies, flashing refers to the formation of a fireball of

burning agent and high explosive detonation products. Clearly, flashing

or other degraGatiou reduoes the effectiveness of a chemical munition.

Consequently, the objective of SRI's overall p.-cra= is the elimination

of agent degradation. The particular phase of the program reported

here deals with the early stages of the dissemination process,- namly,

the interaction of high explo.tive detonation products with the agent.

Calculation of detonation parameters such as product composition and

temperature could lead to (1) a rational understanding of the role of

the high explosive in the flashing process, (2) suggestions of explosive

compositions for diagnostic tests of flashing or other degradation mecha-

nism, and (3) suggestions for practical explobive compositions that will

minimize flashing.

We will review the mthods of calculating detonatior paramaeters and

we will demonstrate why the so-called RUBY code' method, although by no

mans free of sbo~rtoaings, appears to be the best calculational method

currently available. We will then present the results of RUBEY colcula-

tioas of the explosives now used in chemical munitions Qnd calculations

for explosives which w believe will ainialie flashing. As this pre-

-uppýose. an unwrsoanding of the flashing pr-oess, some justification

of the hypotheses adopted for the flashing process will be appropriate

at that stage of the report. Zxpl;l~ves for diagnostic tests nt the

variou flaahing machnnism will La proposed. Finally, ve will sggst

a practizal explosive composition that should minimize flashing and we

vill preset some rec~mmedatios for impoving detonation calculations.



B. General Review of Detonation Calculations

Anyone involved In the design or procurement of munitions will, at

qomw ti=, be faced with a set of calculated detonation parameters. Un-

fortunately, there is no general agreement on how these calculations

should be made, nor is there generrj agreement in the results of the

calculations. Thus, a munition designer must decide? for himself which

calculations he should believe. Because of its direct bearing on our

immediate vbjective of preventing agent flashing, we will present here

a brief state-of-the-art review of detonatien calculations.

All detonation calculations assume equilibrium conditions; 3.e., all

the chemical and hydrodynamic effects are assumed to have reached a steady

state. Usually calculations are carried out for one-dim.ensional detona-

tions so that the complicated effects of divergent flow can be neglected.

In common practice truly one-dimensional detonation is approached only

in the central regions of a sizable explosive charge, at a considerable

distance from the point of initiation. For a steady one-dimensional wave

it is then possible, in principle, to calculate all the detonatior parAm-

eters (detonation velocity, particle velocity, pressure, temperature,

specific volume, and product composition) from conservation of mass, con-

servation of momentum, conservation of energy, an equation of state for

the letonstion products, the thermochemistry of products a:nd reat'tants,

and the Chapman-Jouguet condition. The Chapman-Jouguet condition requires

that, at equilibrium, D w C + u, where D is the detonation velocity, C is

the local sound 'elocity, and u is the particle velocity. Assuning deto-

nation products are perfect gases and neglecting the difference between

the initial pressure and the final pz.asure, these conditions lead to

v+ 1

S 2r 1 (2

-fP- 1C"Qy

P' -- 2Io s.. •(2

"T'7 i•c



where . is dinsity, y is the ratio of zhe specific heat at constant

pressure and constant volume, P is pressure, Q is heat of reaction per

grlm of explosive, T is temperature, and c is specific heat at constant

\'(MuSe. The subscript 1 refers to the equilibrium detonation state, and

the n'ibscript 0 refers to the original, unreacted explosive.

Other equations for detonation velocity or particle velocity are

readily obtainable, but for the moment we will devote our attention to

the three equations above, since they serve to il'ustrate how a detona-

tion calculation proceeds, how the calculation is improved by correcting

for gas imperfections (detonation products of condensed explosives are

anything but perfect gases), and how the equations can be used for making

estimates of variations in the detonation parameters produced by changes

in the chemistry of the process (e.g., changes in the heat of reaction or

the number of moles of gas in the products). As an example, consider the

detonation of acetylene in oxygen, where all products are assumed to behave

as perfect gases but there is insufficient oxygen to produce solely H2 0 and

C02. We might expect the net reaction to be something as follows:

C2H2 + 20 2  002 + CO + H20

If this equation gives the actual product composition, then the problem

of obtaining detonation parameters is nearly solved. The known products

and reactants determine Q,, according to

Q = Zi AHf)products - E (n AH°)reactants,
i ijf f

where n is the number of moles per gram of the i-th and J-th species and

AH0 is the standard heat of formation. The known products determine ce
f

and y,. Thus, all the necessary information is available to solve Eqs. (1)

through (3). Even for Ideal gas behavior, however, the products are not

necessarily those given by a balanced chemical equation. For our example,

we would certainly have to consider that the products rearrange according

to the water gas equilibrium,

C02 + H2  = 200o (a)
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which is temperature-controlled. The products may also dissociate

according to

CC2  CO + 1/20Oa (b)

which is both temperature- and pressure-dependent. Thus reaction (a)

leads to

P (H2 0)P(CO)K(T)=
p(C0 2 )p(H 2 7 )

and reaction (b) leads to

p(CO)p(0 2 )1/2

K(T,p) =

p (CO 2 )PI

where K is a thermodynamic equilibrium constant, p is partial pressure,

and P. is the total pressure at equilibrium. In making the calculation

we assume an equilibrium temperature and pressure, and with the appropriate

equilibrium constants for these assumed conditions we calculate the pro-

duct composition. Based on this composition we obtain Q,, c1, and y, and

solve Eqs. (1) through (3). Using the calculated T1 and P 1 , we repeat

the equilibrium calculations and use the new composition to recalculate

TI, P1 , etc. This is repeated until the assumed and calculated tempera-

tures and pressures are brought into agreement. It should be realized

immediately that, aside from any other effects on Eqs. (1) through (3),

gas imperfections will affect the equilibrium calculations since the

partial pressures in the equilibrium 3xpressions will have to be replaced

by fugacities 2 (probably unknown for the regions of interest of products

from condensed explosives). In addition, the total pressure terms, such

as the one in the dissociation of CO2 , will be much larger for the highly

imperfect gases than for ideal gases.

The effect of gas imperfections can be even more drastic on Eqs. (1)

through (3) than it is on the equilibrium calculations. One of the

simplest imperfection corrections that can be made is to assume that the

12



product gases are rigid spheres occupying a definite volume, the so-

called co-volume a, which is independent of temperature and pressure.

This leads to the Abel equation of state (a simplification of Van der Waals'

equation) and transforms Eqs. (1) through (3) into

V k + a/v
__ o (4)

v k+ 1
0

2QI(kI - 1)
P (5)

1 v -+ I
0

2Q1 kj

Tj= k +consctn (6)

where v =1/p and k, 1 + (nlR/ci) = Y, if a! constant.

Comparison of this set of equations with Eqs. (1) through (3) shows

that if product composition is essentially unaffected by the gas imper-

fections considered (i.e., Q. and c, are essentially the same for Abel

and ideal products), then the only parameter that is appreciably altered

is PA in the sense that (P)be ea Theoretical considerations,

as well as lack of agreement between calculated and observed detonation

parameters,-make untenable the assumptibn of an a independent of p and v.

Several attempts have been made to improve the Abel equation by removing

the restriction that a be constant. Cook 3 has made extensive calcula-

tions using a PvT equation of state of the type

Pv = nRT + cy(v)P (7)

where 0(v) is obtained from experimental measurements o; detonation ve-

locity. A variation of the form of Eq. (7) has been obtained independently

by Paterson 4 using an essentially "first principles" (cell theory) approach

rather than the empirical approach of Cook. Paterson's equation of state is

Pv = nRTfl + (b/v) + 0.625(b/v) 2 + 0.287(b/v) 3 + O.193(b/v)'] (8)

13



where b E n band b,, the second virial coefficient of the i-th gas
species, is assumed constant. Extensive calculations using Paterson's

method are given by Taylor. 5 Since the calculations require measured

detonation velocities and the variation of detonation velocity with

loading density of the explosive, another empirical approach, that of

Jones, 6 is based on an equation of state identical with Eq. (7) except

that a = ot(P) and not ct = a(v).

The cell theory equation of state of Lennard-Jones and Devonshire,

usually called LJD, was used for detonation state calculations by Fickntt."

Fickett's treatment, though subject to some criticism on theoretical

grounds, leads to certain results, confirmed by experiment, that are not

obtainable by other calculational methods now used.

The so-called BKW equation of state, upon which RUBY code is based,

was put into its present forn largely by Cowan and Ficketts and by Mader.9

It iý semiempirical in nature and takes the form of

Pi 1 = l+Xex (9)

where

n C1
x =

v(T + e)'

The quantities a, 0, and 6 are adjustable parameters that are intended

to be universal constants. * is a scaling factor and a is the co-volume

of the i-th gas species. 8 and * are adjusted to make the calculated

detonation velocity and its variation -'th packing density fit the ex-

perimental observation on a "standard" explosive. Then "a 9 is chosen

to reproduce the observed pressure of the "standard." Since pressure

would go to infinity when T - 0, a factor 8 is introduced into Eq. (9).

The parameters, a 8, , and i have been frequently reevaluated and

readjusted. Thus some confusion exists among calculations done at dif-

ferent times and at different facilitles. Currently, Maderg uses two

"standards'--RDX and TNT--with some different "constants" for each

standard.

14



II CALCUIATIONS

A. Merits and Shortcomings of BKW Equation of State

Calculations based on Abel's, Cook's, or Paterson's PvT equations

of state are in principle applicable only to thermodynamIcally ideal mix-

tures since these methods neglect the energy of gas imperfections. It is

to be expected that detonation products of condensed explosives ("gases"

such as C0 2 , N2, and 1O at densities greater than the pecking density of

the original explosive) are far from thermodynamically ideal. As these

calculations do not consider any repulsion energy of the detona ion prod-

ucts, the detonation temperatures they generate will be too high, since

the entire chemical and hydrodynamic energy increase appears as an in-

crease in temperature of the detonation products. Because the adjustable

parameters of all previously mentioned computational procedures were chosen

to fit experimentally observed detonation velocities (sometimes also det-

onation pressures), and in view of the fact that calculated velocities,

and to a lesser extent pressures, are rather insensitive to the form of

the PvT equation of state, it is not at all surprising that these proce-

dures are successful in predicting detonation velocitif.s and detonation

pressures. A much more severe test of the validity of a computation scheme

is to be found in comparing calculated detonation temperatures and product

compositions with experiment. Unfortunately, for coneensed explosives

there are few (and some may claim no) unambiguous experiiu-ntal detona-

tion temperatures and certainly no product compositions measured at the

detonation equilibrium state.

Thus the choice among existing PvT equations of state for any com-

putational scheme should be made primarily on the basis of fundamental

physics. Consequently, schemes that allow for intermolecular energy

should be considered more plausible than procedures that neglect it.

Fickett's treatment of the LJD equation of state7 may suffer somewhat

from an inadequate approximation for treating gas mixtures (detonation

products are usually mixtures and not single species). In addition,

15



the dependence of repulsion energy on intermolecular separation may not

have been expressed in a manner that agrees best with theory; nevertheless,

his treatment qualitat&%cly predicts the shape of the adiabatic exponent

(along an iaentrope through the equilibrium detonation state) e.ersus ex-

panded volume curve actually observed for several exrlosives° 10 Unfor-

tunately, Fickett's method is not rerdily adaptable to fairly routine cal-

culations.

The BKW equation of state allows only forces of intermolecular

repulsion and completely neglects any forces of intermolecular attrac-

tion. Thus, the BKW equation certainly underestimates detonatior tem-

peratu-re and is inadequate for isentrope expansion calculations; however,

in its RUBY code form' it does lend itself to routine calculations. The

detonation temperatures and the produce. composition for oxygen-poor ex-

plosives obtained from RUBY must be taken with a considerable amount of

skepticism. It is possible, however, that RLMY, though -t errr in absolute

values :f temperature and composition, correctly predicts relative values.

In any event RUBY calculations, with all their shortcomings, are still more

plausible than computatiouý based on the several variants of the Abe:

equation.

For many military explosives at near maximum loading density, Mader?

calculates T, ; 2500 0 K while Cook3 calculates T, s 5000 0 K. The Pl's

calculated by both methods are roughly the same. Let us examine how the

differences in T1 affect equilibrium product composition. Because of 'tie

high detonation pressures, di3sociation reactions of the type CO 2 = CO +1/20 2

will be repressed, although ý'aoa (because of his higher Tj) will favor dis-

sociation. In the so-called soot reactions,

2C0 = C0 2 + C (c)

CO + H2  H 2 0+C , (d)
(S)

high pressure favors the formation of solid carbon. The following tabula-

tion shows that for a given pressure the soot reactions will be greatly

enhanced by low Tl's:

16



Thermodynamic Equilibrium Constants

Reaction At 25000 K At 50000 K

(c) 3.4 x 10-3 1.3 x 10-7

(d) 2.7 x 10-2 1.6 x 10-

Large amounts of soot are commonly observed in the products of det-

onation of military exploaives. There is some evidence that the soot is

largely in the amorphous rather than in the graphitic carbon form. It is

interesting to estimate to what extent calculated detonation product com-

positions depend on the form of the solid carbon. Even more important

would be estimates of how incomplete precipitation of solid carbon affects

product composition. Such incomplete precipitation may be one of the

most common causes of the failure of an actual detonation to reach thermo-

dynamic equilibrium. Figure 1 presents RUBY calculations for Comp TR under

different assumptions for the fate of product carbon. It is obvious from

Fig. 1 that the form of the solid carbon--amorphous or graphiti:--has

little effect on product composition. For the extreme case of no

1 .-
GRAPHITIC CARSN MOLAR AMORPHOUS CAROON MOLAR CAR90N GAS

12 -VOLLNE 5.S336 cirYMii VOUM *o~ ,0 COOSc./m0i

12-

6- C %0

a HiI
2

LO IZ L4 L4 LIe to L W4 LIA i LO It L4 Le la

LOAOING OENSITY - I/cw'3 LOAC IT -- #cmS LfA ODIEM TY -6 /c00

FIG. 1 PROOUCT COMPOSITIONS FOR COMP B-3 CALCULATED
UNDER THREE ASSUMPTIONS CONCERNING CARBON
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carbon precipitation the products become richer in CH4 and CO primarily

at the expense of H2 0. For conditions favoring soot reactions (oxygen-

deficient explosives at high packing density), one can make fairly ac-

curate estimates of the detonation product composition merely by allow-

ing all the hydrogen atoms of the original explosive to form H20, with

any remaining oxygen combining with the initially present carbon to form

CO2 . Any carbon left over will appear as solid carbon in the products

and any nitrogen atoms originally present will form N2 . As an example,

consider RDX. At high loading density the reaction

C3H*O6N- 1.5 CO2 + 3 H20 + 3 N2 + 1.5 C(s)

is much fav,-ed over the reaction

C3 HOsNs - 3 CO + 3 H 2 0 + 3 N2

B. Comparison of RUBY with Experiment

It has already been mentioned that T, is much more sensitive to the

choice of a PvT equation of state than P 1 . Unfortunumtaly, completely

unambiguous experimenta. T,'s are not available. Experimental tempera-

tures for Cranula- explosives must be considered much less reliable than

experimental texperatures for clear liquid explosives because of "detona-

tion licht"'11 nd air shock due to air inclusions. In Table I published
5

experimental values of T1 and P1 are compared with Hader's BKW calcula-

tions. (Mader has done more "curve-fitting" and has published calcula-

tVosa for , wider variety of explosive compositions than have RUBY users.)

There is so" diakgroment In experimental temperatures and soomehat less

disagreemont in experimental pressures. As expected, measured and

calculated pressures agree will. For liquid explosives, the temperatures,

calculated and experimental, agree within 150°K in three instances; the

lowest expirimental values are at least 2500 K higher than the calculated

ia four cases, and in two cases they are appreciably lower than calculated

values. Thus, when allowance is made for the unce.rtainty In measured det-

onation temperaturo, RUBT calculations and experiments aer In reasonable .

18!



Table I

COMPARISON OF RUBY CALCULATIONS WITH EXIRIMENTS

Pp Oxygen

Explosive (g/cc) Balanced(a) Observed Calculated Observed Calculated
(kbar) (kbar) (OK) (OK)

NG 1.59 + 3.5 2 5 3 (b) 246 3470 3216
S 4000(C• ,40 oo0 d )

1X 1.13 -39.4 1±7 130 3380 3120
129(b) 3380(e) 3

3700(c)

TNM 1.64 +49.0 159 162 2800 1341
TNM 1.64 +49.0 159 162 3 1 0 0 (c) 1341

NX/TNM
1/0.7 1.20 -22.8 138 153 3480 33541/0.071

NM/TNM 1.31 0 156 181 3750 3998
1/0.25

NMITNN 1.40 +16.8 168 191 3580 3565
1/0.50

Acrylo-
nitrile/ 1.38 0 156 192 4000 4760
TNM 1/1.25

EtNO3  1.11 -61.5 - 1 3 3 (P) 3 1 30(e) 2 6 4 5 (f)

PETN(s) 1.77 -10.0 3 4 2 (c) 319 4 2 0 0 (c) 2833

PETN(s) 1.67 -10.0 > 300±6 280 3400 ± 400 3018

Dina(s) 1.70 -27.0 - 3 0 3 (f) 3 7 0 0 (c) 2 5 7 7 (f)

Tetryl(s) 1.70 -47.4 2 8 3 (c) 251 2 9 5 0 (c) 2917

RDX(s) 1.80 -22.0 347 347 3 7 0 0 (c) 2587
1.80 3 5 4 (b) 347
1.80 392 347
1.40 2 13 b 200 3272

"1 !1.20 V 13b 149 3478
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Table I (Concluded)

P1  Ti

PO Oxygen
Explosives (g/cc) Balance(a) Observed Calculated Observed Calculated

(kbar) (kbar) (OK) (°K)

TS T(a) 1.64 -77 209S1.60 202(b 194

1.45 178A.1 157
162(b)'' 1.00 6r4 ( b) 76

TNT (1) 1.45 -77 182(f) 157 3030 3126

Note: all results without footnotes as %ell as all calculations (unless
indicated) from Mader. 9

(a) Oxygen balance = 1600 f2C atoms + &tom - 0 atoM.formula wt ' 2 tm-0 tm

(L) A. N. Dremin and P. F. Pokbil, 1ok.'ady 128(5), 989 (1959).
(c) I. M. Voskoboyx.11kov and A. Ya. Apin, Doklady 130(4), 804 (1960).
(d) F. C. Gibson et a'., JAP 29, 628 (1958). -
(e) J. T. A. Burton and J. A. Hicks, Nate're 202, 75F (1964).
(f) W'. C. Davis, B. G. Craig, and J. B. Ramsey, "Failure of the Chapman-

Jouguet Theory for Liquie and Solid Explosives," Preprints, Fourth
Symposium ca Detonation, Vol. 1, 1965, p. A-50.

(g) D. Price and H. Hurwitz, Ref. 12.

agreement, although one may detect a tendenc, for RUBY temperatures to be

lower than observed temperatures.

C. Comparison of Calculations at Different Facilit.es

As already mentioned, the -wrameters of the EV equation (Eq. 9) have

undergone some charge throuagh the yrers. Typical varlat1on, are shown In

Tablc II. These variations re•sult in the differences shown in Table YII

in computed detonation properties between Los Alv.aia Scientific Laboratory--

Naval Ordnance Laborat•ory (LASL-WOL% and Stanfod Resear-•- Institute--

Lawrqnce Radiation laboratory (3I-IALL). Gonrisl!y, the M-Ml '. are

lower and v, *re h1ijtr than the corresponding LASL-V)L values. For



Table II

OKW PARAMETERS

Parameter SRI and IRL

RDX Fit 
TNT Fit

a 1/2 1/2 1/2

8 0.160 0.0959 0.100

OK(o) 400 400 400

S10.91 12.69 11.85

(y (cc/kg)

H0 250 250 360

CO2 600 600 670

CO 390 390

N2 380 380 380

H, 180 180 180

Ce4  528 52S 528

02 350 350 350

comparison this table also includes Cook's (based on Eq. 7), Paterson's

(based on E•l. 8), and Fickett's results (based on the LJD equation of

state). Compared to the Nader (LASL) or NOL1' calculations Cook and

Paterson obtain somewhat lower pressures and much higher temperatures.

Fickett's results for P1 are also lower than Nader's and his T,'s are

between those of Rader and Cook. Equilibritm product compositions ob-

tained by Nader are compared to our calculations in Table IV. Ge-.erallv

Nader's results show a little more solid carbon than ours at iae expimse

of COv and C(" and more HO (at the expense of minor products suet as

OcR and i,).
!4
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Table III

TYPICAL CAICULATED DETORATION PARAMETERS

D P 1  T, v 1Calculated by Explosive p
(mm/•aec) (kbar) ( 0 K) (cb3 /g)

LASL (BKW Code) TNT 1. 4 7.197 206 2940 0.451

NOL RUBY 7.287 222 2740 0.452

LRL 7.115 220 2180 0.627

SRI 7.245 216 2110 0.640

Cook - 175 41001

LJD-Fickett 6.880 1tk3 36601

Paterson I 1.5 6 4•G 110 3870 0.55

LASL (BKW Code) TNT 1.00 5.161 76.2 3200! 0.714

NOL RUBY I .....

IRL I
SRI• ..

Cook - 62 35801

LJD-Fickett- - - -

Paterson 4.400 44.2 3870 0 7 9

LASL (BKVf Code) NG 1 60' 7.700 : 46 3220 0.464

•OL RL7Y 7.590 249 31•' 0.45m

SIsi
Cook 250 6170
LJD,-Ftckett 77.286 208 4680

Paterson .8k360 199 5640 0.505

LA-L 'ENT' Code) Co-p m B 1.72 8.084 2ýKl 27*0 0.,31c

y•i RUBY 8.1 M. 20 27-4t 0.4-17

LAL N.C-74 2t 2310 0.:6.

SRI 2!Q8.15o 23 90

Cook 2...A 4-f

WLJD-Flckett 7 .987 2 59 1963

Patar•or 4 - - -
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Table III (Concluded)

D ,D P T, v
Calculated by Explosive (M/psec) (kbar) (OK) (cma/g)

LASL (BKW Code) RDX 1.80 8.754 347 2590 0.416

NOT, RUBY 8.567 341 2670 0.412

LRL ....

SRI 8.791 353 2470 0,523

Cook 8.84 17fT 5040 0.450

LJD-Fi ckett 8.796 324 4040 -

Paterson - - -

LASL (BKW Code) PETN 1.77 8.421 3A 2830 0.421

NOL RUBY 8.337 324 2810 0.414

LRL - - - -

SRI4 8.575 339 2690 0.413

Cook 8.47 260 5 0.453

LJD-Ficket ti 8 2 6

Paterson

LASL (BKW Code) PETN 1.20 6.599 144 3590 0.603

NUL RUBY - - -

IRL

SRI 6.747 156 34401 0.552

Cook 6.40 120 5310 0.630

IJD-Fickett---

Paterson V6.60 118 5200 0.620

LASL (BKW Code) HMX 1. 9.159 05 0 0.36

LR. , 9.084 388 2140 0.374

SRI C.110 390 2270 0.373

IJD-Fickett

• 4! I Paterson . -_
23
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II

Table IV

CALCULATED PRODUCT COMPOSITIONS

(mole

PMX TNT TNT RDX
Product po 1.6 g/cc) (po=1.6 g/cc) (po=l.2 g/cc) (po=1.8 g/cc)j

LASL SRI LASL SRI LASL SRI LASL SRI

CO2  l..9 17.8 14.9 19.4 1±.4 17.1 16.5 18.0

CO 1.5 2.6 2.1 1.3 9.5 7.7 0.2 1.0

CH4  - 1.4 - 2.7 - 3.2 - 0.8

C(a) 15.9 14.2 46,7 44.1 42.8 40.2 16.5 14.4

H2 0 33.3 30.6 22.7 17.7 22.4 16.6 33.3 31.3

H 2  . - - 0.2 0.3 - -

NH3  - 1.2 - 0.7 - 0.7 0.9

N, 33.3 32.2 13.6 14.1 13.6 14.3 33.3 33.7

D. Calculations for Comp B and Comp B-3i/xamide

The dissemination charge presently used is Comp B-3. Consequently,

it is important to estimate its detonation parameters and product composi-

tion. Using the input parameters of Table V, the results of the calcula-

tion are shown as functions of loading density in Figs. 2 and 3.

It has been suggested1 3 that an explosive charge consisting of 90/10

weight percent (all subsequent compositions will be given in weight per-

cent) of Comp B/oxamide could min'Anize flashing because T, is expected

to be less for this mixture than for Comp B. That this appears to be

so is also shown in Figs. 2 and 3. Note, however, that the product

composition of Comp B is .he same as the product composition of 90/10

Comp B/oxamide. Thus the combustibility of the products for the two

explosives is the same, but the lower temperature can be expected to

reduce the probability of product ignition in the case of the oxamide

mixture. The 90/10 Comp B/oxamide composition does not eliminate

flashing. 14
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nitrate (AN) is commonly ur.d as an ene.getic oxygen supplier. Ammonium

nitrate has several drawbacks such ai hygrorcopicity, a tendency to cake,

an4 a phase change at around 32 0 C which produces a large volume increase.

#evertheless, ce~tain well-known mixturas containing AN could be valuable

in diagnostic tests of flashing mechanisms. It is for this reason that

we have made calculations for TNT, 50/50 TNT/AN, and 20/80 TNT/AN. The

TNT/AN mixtures are called imatol&.

Since TNT Is very deficiant in oxygen, a large propo:tion of its

products will be combustible in ait. The 50/50 amatol has slightly nega-

tive oxygen balance white the 80/20 amatol is very slightly oxygen-rich.

The results of the calrulatiors 'see Tables V and VI for input data) are

shown in Figs. 4 and 5. Ratter surprisingly, T1 for the amatols is cal-

culated to lie substantially lower than that for the TNT. In part, this

is a conseqnl.nce of the greatel thermodynamic stability of the iui as com-
0

pared to TN'. (more negative A Hf ; see Table VI), which results in a

smaller he.t of reaction, Q1 , for the amatols than for TNT. Possibly

even more important is the fact that En1 c1 increases substantially in

going from TNT to amatol. This also lowers T1 , since in the limit of a

perfect gas (Eq. 3) T, varies as Q1 /En 1 cl. The substantial increase in

calculated pressure of amatols over that of TNT (compared at a fixed Po)

is puzzling. The interrelation of calculated parameters, e.g., the de-

pendence of P1 on Q1, will be examined in h later section.

F. Calculations of HEX and HMX/AN

For practical reasons as well as for the further diagnosis of flash-

ing, it may be desirable to have an explosive which produces a much higher

detonation pressure than the amatols but like the 20/80 amatol contains

no combustible products. As can be seen in Figs. 6 and 7 this objective

appears attainable with a 52/48 H0X/AN aix, which we call "Ametex." Again,

as for TNT and amatols, T, for HMX/AN is much lower and P1 is slightly

higher than the corresponding values for HIMX. This %knexpected result will

be discussed later. The well-known explosive PBX 9404 consists of 94%

H0X and 6% binder.
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itit is -ovieu%~ that prodwt ,omaition for oxyg~n-balameed exrplosiives Is

Mot iz.-f1ueacet by bhe original 1loadlug densaity P, of the exp~osive.
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Because P0 strongly influences P1, and to a lesser degree T1 , one must

conclude that product composition for oxygen-balanced exploai,?es is nearly

independent of T, and P 1 . This is a ve.y important conclusion since it

implies that product compositions calrulaced for the de~onation state of

oxygen-balanced explosives will remain essentially unchanged as these

products expand.

Flashing probably occurs during or after detouation product Expansion.

Thus there is always the question of whether detonation state calculations

are applicable to the flashing problem. This ques t ion is answrred in the

effirmative for oxygen-balanced explosives. For oxygen-poor explosives an

unequivocal answer is not possible. RUBY product composition calculations

along an expansion isentrope passing through the detonation equ.lihiuIl

.•;tate are not very meaningful since the BKW equation muqt fail as the

pressure decreases (see Section 11A). Nevertheless, such calculations

have been msade at LASL and at ULR, nd they suggest, as might be expected

from applying Le Chateller's principle to the chemical equations 0 and c.

that the maiL compositt," change duWT •g expansion (pressure decrease) is

a decrease in solid carbon. For cufficiently great exia.nsion there is of

course a temperature drop as well as a pressure decrease. The temperature

decrease i-plies that at sc-me stage of the expansion "he various chemi,-,l

equilibria wi•l "freeze" Lsocaue t•e temperature of the system becomes too

low to m&,:e further chemical readjustments s.fficievtly rspi6.

Ornellas et 11.1* at LIL have estimated th- temperature re& on below

which equilibria are "frozen" to be 150C _lSO0I, and they have masured

the prvd-• composition of PMTT detouated in a calorimeter r I cooled to

25*C. In one set of experiments the Pei'• was confined so that in "itng

work on t-he confiner:ent the tewperature dropped rapioly. In an unconfined

sample, heccuse of reverberations ut the calorimeter walls, the temperatu-e

dropped much inore Kraduall than in the conitned sample. Their results

are compa•-ed with W rl-ulitious in Table VII. It -s apprr~mt that the

isentrope calc'xlation for "freere-out" tenperatures betwe-en 1500 ar

"180C'K) doe.is nt agrre well "Atn rxper-imenr. Tn fact It may be argued

W* do not kn-w of an), other reliaole prciuc-. composizion .-irnen.

other than the ones In _A,.f. 1!.

34



00 u~
;4 00

000
+1 +j 4.4 4J

I 0tf . n m .0 *q 0

+~ 0 ' .0 0 0 i

-40 o Cý 0 *
~ . 4 J0

0 - ~ 00 0~
V V Vt

0 Im t 0 00

C. ,-* * 0

00

* a. ~0 0

0~C 0 0

44 0

L i _ _ _ _ _ _ _

V, 8 F-4,C4 C



that a detonation state calculation for low packing density PETN, also

shown in Table VII, agrees with experiment about as well as the isentrope

calculation. All this still leaves unanswered the question of the ap-

plicability of detonation state calculations (for oxygen-negative ex-

plosives) to the expanded state. It suggests that a crude estimate of

expanded product composition may be made from detonation state calcula-

tions for explosives at low packing density.

H. Calculations for HEX and HEX/AP

In Section UIP it was shown that an energetic explosive containin'.P

no combustible products can be made by mixing HEX and AN. This mixtu.

however, would be unsuitable for military use because of the poor storIe

qualities of AN. It is believed that a practical military explosive c..

be made from mixtures of HM and ammonium perchlorate (AP) imbedded in

a suitable plastic matrix. Calculations for the oxygen-balanced 61.2/38.6

HMX/AP mixtures are shown in Figs. 8 and 9. Comparing these results with

the calculations for HUX, given in Figs. 6 and 7, shows that P, is greater

and T1 is less for EX/AP.

I. Flashing Mechanism

Several investigation&"14 ,187 suggest that flashing results pri-

marily from 'b- ignition of an agent-air mixture by burning of detona-

tion products. Combustible rixtures in air for either products or agent

are formed only after the whole system has undergone a considerable degree

of expansion. The energy transport from the hot burning products to the

still unignited agent-air mix is presumably via conduction, convection,

and radiation, all of which are slow compared to hydrodynamic transport

phenomena. The detonation temperature ý1 is rapidly quenched if detona-

tion products expand and do work on their surroundings. Thus ignition

of agent-air mixtures by heat transport is most unlikely if the only

source of high temperature is T1, However, afterburning of detonation

products in air can maintain regions of high tererature (of the order

of T, or even higher) for times sufficiently long to allow appreciable

heat transport to the agent-air iix. Detonation products that are in-

combustible can no longer act as an energy stimulus of sufficiently long

duration tD ignite the agent-air mixture.
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Thor* appears to be Insufficient time for eiiough host transfer, from

essentially unexpanded detonation products L•the agent, to cause flashing.

In any event most agents per so, and not as agent-air mixtures, wcu'Ad be

difficult to ig~nite. However, If T, is very large, it in conceivable that

enough heat can be transferred to the agont to cause somes of !-' to degrade

,*.g., pyrolize, without emitting light, before T, Is drastically reduced

by expansion.

There Is yet another possible agent doradatlon mech&nism in which

'the shock sent into the agent 5y the uotonatiag explosive crosates hotl

2!

regions of sufficiently high temperatur-e to cause deg~radation. !38
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It may be desirable to assess the relative importance of tChese

degradation schemes. To that end we have listed in Table VIII various

explosive compositions that could be used for diagnostic tests. The

choice of the explosives was made on the basis of our calculations as

well as published calculations of others. All explosive parameters are

rated relative to Comp B, the presently used dissemination charge.

J. Interrelation Among Calculated Detonation Pra.!wters

It is moat desirable to be able to check the internal consistency

of the results of an involved computational procedure such as RUBY. Such

checks should be capable of pointing out errors In input data and/or

machine malfunctioning. The most obvious and least ambiguous check is

naturally that of mass balance; i.e., all atoms originally present must

appear in the calculated products. A correct mass balance Is a necessary

but not a sufficient condition for the internal consistency of the calcula-

tion. Other checks are needed In the usual case where there are no expert-

mental data to compare with the calculation.

As shown in the appendix, a simple relation between Q, and P1 is

obtained if the EPv equation of state is E = Pv/P - 1, where r is

-(can Pi tn v) . This relation is:
S'

P, -PoQi(r - 1) (10)

Many calculationso,' 1 give r - constant - 3. Thus, according to Eq. (10),

a plot of P1 versus P0 Q1 should be a straight line of slope 2(r - 1).

Experimental and calculmted P 1 's are plotted versus computed P 0 QI's in

Fig. 10. Actually the slightly more accurpte po CQ1 + njRT (r/ir - 1)]

was used rather than P0 Q1 . Most of the points lie along a line of the

expected slope, 2(1' - 1), with r ý- 3, but the line does not pass through

the origin. This implies that Eq. (10) should contain an additional con-

stant and that the simple EN equation of state used In the appendix is not

consistent with the B.K equation of state.

In Section IhA it was shown that, if P1 is large, product com-

position and consequently Q, can be estimated fairly accurately strictly
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on the basis of mass balance and thermocheaistry, i.e., without recourse

to anV PVT equation of state. Thus the plot of Fig. 10, regardless of

Its theoretical significance or lack of It, provides a method of corre-

lating most of the computed and experimental P1 - Qi results. For the

LASL-NOL computations,OP1 2 only TNM and HN do not fit the proposed corre-

lateion. Both of these materials are oxygen-rich and have mall % to.

Other oxjgen-rich materials such as BTNEN, ••, and IC (see Fig. 10) fall

close to the proposed correlation. In our calculations all oxygen-balanced

or slightly oxygen-rich materials have a higher 11 than the proposed corre-

lation would predict for their respective % Is. Since we expect all Q1 's

to be reasonably correct, this could indicate that our RUBY computations

for oxygen-balanced mixtures somehow give 1 's that are too high-a con-

clusion that is not entirely unexpected. The necessary "curve-fitting"

for RUBY and BMW codes was done using the oxygen-poor RDX and TNT as

"standard" explosives. The equation of state parameters (#, 0, etc.)

from this fit may not be applicable to oxygen-balanced mixtures. Moreover,

the co-volumes (a, of Eq. 9) for H10 and CC1 used in our calculations are

larger than those used by LAI! and 1NOL (see Table II). Consequently, the

differences between SRI and LASI-NOL calculations for oxygen-;.alanced

explosives, whose products contain large proportions of B20 and CQ, may

reflect this co-volume difference.
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III CONCUWSIONS AND RECODATIONS

If flashing is caused by ignition of agent-air mixtures byr after-

burning detonation products of the dissemination charge, then flashing

can be eliminated by:

1. Formulating the explosive charge to produce Incombustile

products.

2. Designing the munition so that detonation products expand

symmetrically. During expansion the prodcts do work on
the surroundings ane are cooled before they come into con-

tact with the air. It has been shown 1 4 that Comp B charges

do not flash if they are symmetrically surrounded by agent

simulant and symmetrically detonated.

3. Using explosives of low detonation temperature to help re-

ducc flashing. This approach appears to be much less

promising than 1 or 2. In any ever.nt it appears desirable

to keep detonation temperatures low. Even if no flashing
is observed a high detonation temperature could cause

localized degradation of the agent.

The easiest and surest way to formulate explosives producing incom-

bustible products is to include sufficient oxygen-coataining compounds

in the original explosive to convert all the carbon atoms and hydrogen

atoms of the explosive to OC1 and H2O. Excess oxygen should be avoided

as it may interazt with the agent. Ideally the oxygen-balanced explosive

should be a single compound, e.g., ethylene glycol dinitrate, since thi3

avoids all problems of product nonuniformity due to: (1) aonuniform

and/or insufficiently intimate mixing of explosive constituents and (2)

different chemical reaction rates for the various compounds in the mix-

ture. Unfortunately, for military 4ses the requirement of an oxygen-

balanced single compound is too restrictive. It seems better to con-

sider oxygan-balanced mixturen but to exercise great care in selecting

and preparlna them.
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The preceding sections have demonstrated that the products of an

oxygen-balanced explosive, provided equilibrium is achieved, are not

affected by initial density, expansion of the products, or even the

method of calculation. The other computed detonation parameters, such

as pressure or temperature, of course depend on the method of calculation.

At present, any computed detonation temperatures must be accepted with

considerable skepticism. However, viewed in terms of the fundamental

physics involved, temperature calculations based on the BKW equation of

state are inherently more plausible than calculations based on modified

Abel equations of state. The present RUBY code is too inflexible to

permit the use of other equations of state than BKW, which, as has been

discussed, has serious theoretical shortcomings. A very general computa-

tional code, now being comipleted at SRI, will be much more flexible than

RUBY. This new code 3hould be employed to develop a theoretically sound

eq-ation of state, to test iE against available data, and to suggest

areas k, %ssibly temperature measurements) where new data must be obtained.

Shock heating of the agent by the detonating dissemination charge

may cause localized aguat degradation. RUBY usually provides reliable

estimates of detonation p.:ssure. Thus from RUBY results one can suggest

explosives for diagnostic tests of the importance of shock heating

(Table VII).
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GLOSSARY

b Second virtal coefficient

C Local souri veioc~ty

c Specific heat &t constant volume

D Detonation velocity

E Tnternal energy

AF 0  3tandard heat of formation

Thermodynamic equilibrium constant

n Number of moles per gram oZ explosive

P Total pressure

p Partia pressure

Q Heat of reaction per gram of explosive

R Universal gas constant

T Temperature, OK

u Particle velocity

Specific ilume
S:o-vulumI

Ratio of specific hea' constant pressure ano constant volume

P Density

6cniing factor

Subscripts

Original, unreacted explosive

3I Equilibriu,.. ietonattnn state

S Constaat entropy
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APPENDIX

From the conservation equations for a one-dimensional shock,

E -E P (V0 - v (A-11

(j

if P. >> P.. The subscript j refers to the equilibrium detonation state

(the Chapman-Jouguet state), the subscript 0 refers to the unreacted ex-

plosive at initial temzperature and pressure, aiid the subscript 1 refers

to equilibrium detonation prcdcts which are not necessarily t P, and

.11

~ iFo ex>plosiThe subscrpt, - eest h equilibrium detonation prdctstateO
SJ,

AE = Q, + njRTo = Eo(To,Po) - E,(ToPO) (A-2)

Since Ej= E,•Tj,Pj) and r, = Eo(To,Po), Eq. (A-2) gives

E - E = EI(Tj9Pj) - E,(To,Po) - AE

and substituting in Eq. (A-l) results in

P -VO ) - (- AE (A-3)

The Chapmaii-Jouguet condition is expressed by

v/vo = P = f/(f + 1) (A-4)
j

where

I n P
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For the so-called polytropic gas, at constant entropy S, P = ApI

where A = A(S). Under certain conditions 1 2 , 1
8 this leads to the fol-

lowing EPv equation of state

E P (A-5)

Combining Eqs. (A-3), (A-4), and (A-5) results in

PjijV F r fl PAvo PO o (A- 6)
(F + i)L i- = - = (A-_)

If the detonation products at (Po ,To) are perfect gases, Eq. (A-6) is

further simplified to

Pj VOnRl RTo Yvon 1 RT I1 +~z n) = Qi Y

+ A. -2r- 1)=AE + Q,- + q j + u,R (i1 --
-1 - 1 -Y - - I ),

or Pj = 2Po(T- 1)L2I + )Qj A-7

since •4 >un 1 RTo 7 / 7 - I in most cases. Thus for a consistent set of

dimensions (cgs) a plot of P versus p0 ,Q should be a straight liz of

slope 2(P - 1), since 1' constant -- 3.

i

slop 2(1 1) sine cnstat 3

5P.


