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ABSTRACT

Some reliable empirical methods have been introduced so that they can
combined in form of a new computer code for predicting performance of
pure and mixed explosiveformulations. If condensed phase heat of forma-
tion of explosivewas not available, computer code can cal cul ate gas phase
heat of formation of explosive and use appropriate method to evaluate its
performance. Detonation pressures at various loading densities, heats of
detonation and detonation temperatures as important detonation param-
eters can be calculated by new computer code. Predicted results show
good agreement with experimental values. The results of new computer
codefor detonation pressures and detonati on temperatures al so give com-
parable results with respect to the computed outputs obtained by com-
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plex computer code using BKWR and BKWS equations of state.
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INTRODUCTION

Detonation pressure, heat and temperaturearethree
important detonation performanceparameterswhich can
be determined by complicated computer codesor em-
pirical methods. In an effort to make the best use of
limited resourcesand to minimizethewasteensuing from
experimental measurements, various methods have
been developedtoaidin formulationsof advanced pro-
pellantsand explosives. Elimination of poor candidate
energetic compoundsbeforeinvestingin synthesisand

testing will gofar toward achievingthisgod. Thede-
velopment of new smpleand rdiablecomputer codesto
predict propertiesrel ated to performancealow screen-
ing upon the conception of anew energetic compound.
Detonation products can be obtained at high pres-
sures and temperatures simultaneoudy which coversa
wide range of pressures, ~1-100 GPa, and tempera-
tures, ~1000-5000K 1%, Complicated thermochemical/
hydrodynamic computer codes such as BKW!Z and
RUBY® and latter’s offspring TIGER™, CHEQ®, and
CHEETAH® (aC version of TIGER) with an appro-
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priate empirical equation of state such as Becker-
Kistiakosky-Wilson (BKW-EOS)!, the Jacobs-
Cowperthwaite-Zwidler (JCZ-EOS)® and Kihara-
Hikita-Tanaka (KHT-EOS)®? can be used to deter-
mine detonation properties. Of mentioned equations of
states, the BKW-EOS in spite of itsweak theoretical
basi sisused extensively to ca cul ate detonation prop-
ertiesof highexplosives. Threedifferent parameteriza
tions of the BKW-EOS are the BKWC-EOS,
BKWR-EOS™ and BKWS-EOS*2. Of theses, the
BKWS-EOSisone of the best equationsof statesfor
predicting detonation temperatures. The computation
of detonation parameters by thermochemical/hydrody-
namic computer codesin spiteof itscomplexity usudly
requires measured condensed hesat of formation of the
explosve

It should be noted that the accuracy of predictive
methodsare not necessarily enhanced by greater com-
plexity. Some new empirical methods have beenre-
cently introduced for cal cul ation of detonation pressure,
heat and temperature®*?7, Gas phase or condensed
phase heats of formation can be used in new proce-
duresto predict mentioned detonation parameters. The
purpose of thiswork wasto introduce asimple com-
puter codefor estimating detonation pressure at Speci-
fied loading density, detonation heat and temperature
of variousC H, N O, explosives. The predicted results
of detonation pressuresand heatsfor somewel l-known
explosveswill be compared with experimenta dataas
well as computer outputs of two equations of state,
namely the BKWS-EOS and BKWR-EOS. The
present computer code uses Joback's method® to
caculate gas phase heat of formation of energetic com-
pounds. It can aso be used for pureand mixed explo-
gveformulationswithout any difficulties.

Prediction of detonation pressure
1. Using condensed phase heat of for mation

The equilibrium composition of gaseous products
can bedetermined through experimental measurement,
thermochemica equilibrium or by suggesting an appro-
priate detonation reaction. Sincethermochemical cal-
culationsindicatethat 94% of gaseous productscon-
sistof CO, H,0, H,, N, and CO,*, it was shown that
thefollowing decomposition reactionsissuitablefor
C_H,N_O, energetic compounds™®:
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d<a

—)%N2+dCO +(a—d)C(s)+(%JH2 (1a)
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d=-a+b/2
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d<2a+b/2

N %NZ +(%]H 20+[2a—d+%]co+[d -a-%]coz (1c)

d>2a+b/2

N %N2+(%JHZO+aCOZ+(2d4_b —a)o2 (1d)

Experiments show that the C-J detonation pres-
sure is roughly proportiona to the loading density
squared®@. Oneof themost important propertiesof an
explosiveisthe solid state density, which determines
the performance of the explosive. The C-Jdetonation
pressure can becorrelated linearly with the heet of deto-
nation aswell asthe number molesof gaseous prod-
uctsandloading density asfollowd?€:

Experiments show that the C-J detonation pres-
sure is roughly proportiona to the loading density
squared®?. Oneof themost important propertiesof an
explosiveisthe solid state density, which determines
the performance of the explosive. The C-Jdetonation
pressure can becorrelated linearly with the heet of deto-
nation aswell asthe number molesof gaseous prod-
uctsandloading density asfollowd?€:

P =15880(M Q) 2p2-11 )
where P, isthe C-Jdetonation pressureinkbar, o.is
thenumber of moles of gaseousproductsof detonation
per gramof explosive, M istheaveragemolecular weight
of gaseousproducts, Q,, and p, are heat of detonation
and loading density, respectively. The Q,, canbede-
fined asthenegative of theenthd py change of the deto-
nation reaction which isdetermined from the heat of
formation of reactant and decomposition products of
theexplosivethroughthereation:

- [AHf (detonation products)— AH; (explosive)]
- formulaweight of explosive

Quet ©)
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To predict detonation pressure, gppropriate decom-
position pathway accordingto Egs. (1a) to (1b) for a
pure or composite expl osive can be sel ected and heat
of detonation can be calculated by using condensed
phase heat of formation of explosiveand the standard
heats of formation of assumed detonation products. It
should bementioned that apositive heat of formation
(per unit weight) isfavorablefor an explosive because
it leadsto agreater release of energy upon detonation.

2. Using gasphase heat of formation

No precise prediction of gas phase heat of forma-
tion was required herein order to reproduce the ex-
perimental datawithintheerror limitsascribed to that
of data. Thefollowing equation wasused to find deto-
nation pressured;

Pet =—2.6+ (— 1026a'+226b'+1031¢ +31500 +30.7AH{ (g))p% 4

area, b, ¢, d and gas phase heat of formation of explo-
sivedivided by molecular weight of explosive, respec-
tively. Asseenin EQ. (4), detonation pressureisrela
tively insengtivetolargevariation in the gas phase heat
of formation of the unreacted explosivethat issignifi-
cant inview of the uncertai nty often associated with
different methodsof cal culation of the heats of forma-
tion by additivity rules.

Predicting detonation temper ature
1. Using condensed phase heat of formation

Typica detonation productsof high explosiveswith
thed ementscarbon, hydrogen, nitrogen and oxygen at
high pressuresand temperaturess multaneoudy are CO,
N,, CO,, H,O, solid carbon, etc. Complex chemical
reactionsareinitiated to sustain the detonation process.
Detonation temperature is maximum temperature that
can be obtained by assuming that heat of decomposi-
tion of explosiveisused entirely to heat the products.
To predict detonation temperature, based on decom-
positionreactionsgivenin Egs. (1a) to (1d), four cor-
relations can be used to estimated detonation tempera:
tureaccording to thefollowing conditiong?!:

(i) If, thend<a

Ty, =298+ AH, —529.4d

10.95x1073a—0.1132b + 13.35x 10~3¢c - 99.1x10~3d
(i)If g-aand b/2-d-a,then

AH; —943.4a+1229.5d
—0.1914a+59.67x10 3b +16.87x 10 3¢+ 0.2224d

(54)

Ty = 298+

(5b)

(iii) If d» a+ b/2and < 2a+b/2, then

AH, —1158.3a— 252.3+847.9d
- 0.2964a+ 55.09x 10 b + 18.66x 10~ 3¢+ 0.1911d (

(i) If d - 2a+b/2 then,
Ty = 298+

Ty = 298+ 5¢)

AH; +625.2a—142.8b
59.05x 10 3a— 43.81x 10™3b + 18.66x 10 ¢ + 20.36x 10~°d
where T, is detonation temperature in K and AH, is con-
densed heat of formation. It is worthwhile to note that the
present method is exceedingly simple and at the same time
gives the results that are comparable with respect to the other
methods involving the equations of state of the products.

(5d)

2. Using gasphase heat of formation

Since condensed phase heat of formation can cor-
rel atewith gasphase heat of formationfor someclasses
of explosives®, crystal effectscan also be excluded
for determining the detonation temperatureinthisman-
ner. Two following correlations (6) and (7) can be ob-
tained for aromatic and non-aromatic explosives,

respectively:
- 75.8+ 950.8a'+12.3b'+1114.9¢ s
Tyet = x 10

_ ) (6)
+1324.5d'+1.2AH; (9)

149.0- 1513.92-196 5b'~206.6C)
Ty = , x 10
- 2346.2d'+1.2AH; (g) (7

Prediction of heat of detonation on the basis of
gasphaseheat of formation

It was a so shown that the heat of detonation of a
high explosveasoneof detonation parameterscan most
appropriately be expressed asitselemental composi-
tion and heat of formation of explosivein gas phase
rather than the condensed phase. It wasfound that the
sameas detonation temperature, two optimized corre-
lations can be derived for non-aromatic and aromatic
explosives, respectivelyl®?, inwhich H,Oisinliquid
stateasfollows:

Qqe = 58.722a'-55.011b'~21.234c +250.92d" +4.485AH; (g) (8)

Que = 61.7812'—51.317b'+30.656¢ +91.4460' ~0.2791AH; (g) (9)

Asseen, Egs. (8) and (9) requireno prior knowl-
edge of any measured, estimated or cal cul ated physi-
cal, chemical or thermochemical propertiesof explo-
siveand assumed detonation products other than sim-
ply cal cul ated gas phase heat of formation by additivity
rule
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Input parametersfor pureexplosives:

- The number of moles of carbon, hydrogen,
nitrogen and oxygen in general form
CaHuNOy

- Initial density of explosive

Input parametersfor mixed explosive formulations:

-Mass fraction of components

- The number of moles of carbon, hydrogen, nitrogen
and oxygen in general form C,H,N.O4 for components

- Initial density of mixed explosive

If condensed phase of pureexplosive or components of
mixed explosive wer e available, they can beentered in
computer codeto calculate detonation parameters.

If condensed phase of pure explosives or components of
mixed explosives wer e not available, computer code
calculatetheir gas phase heat of for mation.

Deter mination of detonation pressure, temperatur e and heat on the
basis of condensed and gas phase heat of formation of explosive.

Figurel: Schematic depiction in theprediction of detonation pressur e, temper atur eand heat through condensed phase

and gasphaseheat of for mation of pureor mixed explosives

RESULTSAND DISCUSSION

Complicated thermochemical/hydrodynamic com-
puter codesrequire knowledge of the equation of state
of thesystem that can accurately reflect the thermody-
namic properties of multicomponent mixturesat sev-
eral thousand Kelvin and hundreds of kbar, aswell as
at much lower temperatures and pressures obtained
during expansion of thereaction products. They are
convincing evidenceof theutility of them for engineer-
ing ca culations of detonation propertiesof explosives.
They have some shortcomingssuch astheir complexity
for chemists, selecting gppropriate equations of stateto
obtainreliableresultsfor desired detonation parameters,
using condensed phase heat of formation of explosive,
etc. The present computer code has several advantages
which can be considered as: (a) much simpleto useg;
(b) calculation of gasphase heat of formation of explo-
sives, (C) predicting detonation parametersonthebasis
of condensed and cal culated gas phase heat of forma-
tion; and (d) using reliable new empirica methods.

Onthe basisof the above-mentioned procedures
in previoussections, thea gorithm of the computer pro-
gramming for prediction of detonation pressure, tem-
perature and heat isshowninfigure 1 asaflowchart.
New computer code hasbeenwritten asaC program-
minglanguage. Thecomputer program, named DPPME
(Determination of Performanceof Pureand Mixed Ex-
plosives), isdesigned to cal culate three mentioned are
AH{ (g) detonation parameters of CH, N O, explo.

Calculated detonation pressure (kbar)

Experimental defonation prezsure (kkar)

Figure2: Predicted detonation pressureof C H N O ex-
plosivesat variousloading densitiesvs. experimental val-
ues'?, Thesolid linesr epr esent exact agr eement between
predictionsand experiment. Solid and hollow circlesde-
notecal culated detonation pressureby BKWR-EOSand
BKWS-EOS computations*?, respectively. Filled and hal-
low trianglesdenctecalculated detonation pressureusing
condensed and gasphase heat of for mation of explosives,
respectively

sves. Sincethecontributionsof smdl inal of correla-
tionswhich usesgas phase heats of formationin deter-
mination detonation parameters, thereisno need to use
precise va ue of gas phase heat of formation of explo-
sives. However, computer code uses Joback'smethod
28] to cal cul ate gas phase heats of formation.
Comparison of cal cul ated detonation pressures,
temperatures and heat for underoxidized and
overoxidized pureaswe | asmixed explosiveswith ex-

Hn Tndéan g%wumé



28 Using reliable empirical methods in predicting performance PCAIJ, 3(1) April 2008

Full Poper ===

200

®

=g “

[

aa

(=

E ] -
Far

&

c —

= LR L F.Y

=i ®

£ |1 3 2

2 by ]

= ER L]

i

—

i)

Ei a

(]

o 2w T T T T T T T

Experimental detonation temperature (K)

Figure3: Predicted detonation temperatureof CH,N O,
explosivesvs. experimental values, wheremeasur ed data
wer eavailable*. The solid linesrepresent exact agree-
ment between predictionsand experiment. Solid and hol-
low circlesdenote calculated detonation temper atur e by
BKWR-EOSand BKWS-EOS computations*?, respec-
tively. Filled and hollow trianglesdenote calculated re-
sultsusing condensed and gas phase heat of formation,
respectively

3
- T
=]
o2 B
- *
[= y
Q T LT A |
= X weta
m - -
[ = & -
[=] - -
g . i
= T a
— LY
L= -

i —
'é . ;Ll.
= -1 "
L= M .
@ s
L = pa— -
a8
=
o i &
M
O

= T T T T T T T T T |

Ll L 1] i)

Experimental heat of detonafion (kJ/g)

Figure4: Predicted heat of detonation of CH,N O, explo-
sivesvs. experimental values®. Thesolid linesr epresent
exact agr eement between pr edictionsand experiment. Solid
circles denote calculated detonation temperature by
Kamlet:smethod®. Filled and hollow trianglesdenotecal-
culated results using condensed and gas phase heat of
formation, respectively

a

perimental dataaregiveninfigures2to 4. Detonation
pressuresat variousloading densitiesarea so compared
with computed results of BKWR-EOS and BKWS-
EOS. Asseen, theintroduced new computer code us-
ing both gasand condensed heet of formation of explo-
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TABLE 1: List of explosivesused in new computer codeto
calculatedetonation pressur e, temper atureand heat

Calculated
Name Formula detonation
par ameter
Bi-tri nltroethyl urea (BTN EU) CsHgNgOs3 Qdet
Cydl omethzéeg)e( ;rmltramme CaHoNeOs Puc, Tar, Ous
Cyclotetramethylene
tetranitramine (HM X)
1,3-Diamino-2,4,6-
trinitrobenzene (DATB)
Di-ethyeleglycol dinitrate

C4HgNgOs  Puets Quet
CeHsNsOs  Puer, Quet

C4HgN,O; Quet

(DEGN)
Dioxyethylnitramine dinitrate
y y (DI NA) C4H8N4OS Qdet
Dipentaerythritol hexanitrate
p (yDtl PEH N) C10H16N6019 Qdet

Ethriol trinitrate C4H6N4012 Qdet
Ethylenedinitramine (EDNA)  C,HgN4O4 Quet
Mannitol heXmltrate(M HN) CeHsgNgOs5 Qdet

Metyl nitrate CH3NO; Quet
Nitroethane C;HsNO; Quet
Nitroglycerine (NG) C3HsN3Og  Pet, Taets Quet
Nitromethane (NM) CH3NO, Paets Quet

Nitrourea CH3N3Os Quet

N-Methyl-N-nitro-2,4,6-
trinitroaniline (TETRYL)
Pentaerythritol tetranitrate
(PETN)
1,3,5-Triamino-2,4,6-
trinitrobenzene (TATB)
Tnethyle(’;e_aglg;\gl dinitrate CeHuN, O Oue
2,4,6-Trinitrotoluene (TNT)  C;HsN3Og Pty Teets Quet
63/36/1 RDX/TNT/wax Cs03H2.64N>.

C/HsNsOs  Puet, Tty Quet
CsHgN4O12 Puets Taets Quet

CeHeNgOs  Puets Quet

(COMP B) 180267 Faa
60/40 RDX/TNT (COMP B-3) Co0t2 50N, Paet
1502.68
78/22 RDX/TNT CimthsNa
(CYCLOTOL-78/22) 200269 o
77/23 RDX/TNT CimtosNz
(CYCLOTOL-77/23) 360269 o
75/25 RDX/TNT CimHosNz
(CYCLOTOL-75/25) 360269 o
65/35 RDX/TNT CistosNz
(CYCLOTOL-65/35) 220268 o
50/50 RDX/TNT ComtbasNa
(CYCLOTOL-50/50) 010267 o

Sivesgivegood results as compared to outputs of com-
plicated computer codes BKWR-EOS and BKWS-
EOS.

Sinceexperimenta datafor detonation tempera-
turesare scarce, few comparisonswith measured deto-
nation temperaturesaregiveninfigure 3. Asindicated,
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the sameasdetonation pressure, relatively good agree-
mentswith respect to measured data are observed as
compared to computed results of BKWR-EOS and
BKWS-EOS.

A visua comparison of the predi cted heats of deto-
nationwithexperimentisasogiveninfigure4. Figure4
shows the comparison between experiment and pre-
dictionsinwhichtheH,O product inliquid state. As
evident in Figure4, thenew computer code showsgood
agreement with experimental datausing gasand con-
densed heat of formation of explosives. Usingrdiable
detonation products, which counted the other detona-
tion products such as CO and H, for oxygen |ean ex-
plosives, givebetter predicted heats of detonationthan
those obtained by Kamlet and Jacobs procedure®Y.
However, theresultsare a so compared with Kaml et
and Jacobg®Y decomposition reaction. Theresultscon-
firm that four decomposition pathsof Egs. (14) to (1d)
givebetter predictions. Predicting fairly accurate heats
of detonation, by new computer code, are highly de-
sred for cal culating the various detonati on parameters
of energetic compounds. Moreover, their calculated
vauesare useful incomparingthere ative heat releas-
ing of oneexplosivewith respect to the other.

It isworthwhileto notethat by considering large
percent deviations generdly attributed to experimental
measurements of detonation temperatureand pressure,
the good agreement between cal cul ated and measured
vauesgiveninfigures2 and 3aredso satisfactory. Itis
felt that theintroduced computer coderepresentsasig-
nificant advanceinapriori estimation of explosive per-
formancebecauseitssmplicity for explosvesusers.

CONCLUSIONS

Thereisacontinuing need to have ssmple proce-
duresfor predicting behavior of energetic materialsand
animproved diagnostic capability to measurethecom-
plex chemica and hydrodynamic processduring deto-
nation. A new simple computer code has been intro-
duced to cd cul ate detonation pressure, temperatureand
heat asthreeimportant detonation parameters. It uses
recent methodsto estimate detonation pressure, tem-
peratureand heat of pureand mixed explosives, which
requireasinput information only theelemental compo-
sitionsand loading density. If condensed phase heat of
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formation of explosivewasnot avail able, computer code
uses Joback s method to cal cul ate detonation perfor-
mance. Since the contribution of | AH®’ (Q) | of the
explosveissmdl relaiveto theelementa compostion
of theC H N O, explosiveinusing methods, Joback's
method can used without any difficulties. However, the
new computer codeisvery smpleinform and easy to
usein apractica sense. Sincetheva uesof condensed
heat of formation arehardly known experimentaly for
new enagaicmaeriadsof interes whichareusudly nesded
for available methods, the present computer code can
be used easily to estimate detonation performance.
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