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Preface

Since the synthesis and development of new energetic materials require the identifi-
cation of promising candidates for additional study and the elimination of unsuitable
candidates from further consideration, it is important for engineers, scientists, and
industry to be able to predict the performance of new compounds in order to reduce
the costs associated with the synthesis, testing, and evaluation of these materials.
Nowadays different approaches have been used to predict the performance of ener-
getic compounds which have proven to be cost-effective, environmentally-friendly,
and time-saving approaches. This book reviews different methods for the assessment
of the performance of an energetic compound through its heat of detonation, det-
onation pressure, detonation velocity, detonation temperature, Gurney energy, and
power (strength). It also focuses on the detonation pressure and detonation veloc-
ity of nonideal aluminized energetic compounds. Simple and reliable methods are
demonstrated in detail which can be easily used for the design, synthesis, and de-
velopment of novel energetic compounds.
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List of symbols

A
AB

b

Bywi
BKW-EOS

The number of carbon atoms

Distance between the mark on the witness plate and center of the detonating fuse
in the Dautriche method

Linear coefficient of JWL-EOS

Parameter in Rothstein and Peterson’s method that is equal to 1 for aromatic com-
pounds and is otherwise given the value 0

Number of hydrogen atoms
Linear coefficient of JWL-EOS

Becker-Kistiakowsky—Wilson equation of state

BKWC-EOS, BKWR-EOS, BKWS-EQS Three different parameterizations of BKW-EOS

c
Cw

Cpolar

Csre

Cssp

CHEETAH
)

Number of nitrogen atoms
Linear coefficient of JWL-EOS

Contribution of some specific polar or functional groups in aromatic and non-
aromatic C4HpN.O4 energetic compounds in the prediction of the heat of
detonation

Contribution of some specific functional groups in aromatic C;HpN-O4 energetic
compounds in the prediction of the heat of detonation

Contribution of some specific structural parameters in non-aromatic C4HpN.Ogy
energetic compounds in the prediction of the heat of detonation

Thermochemical computer code

Chapman-Jouguet

Cv(detonation product); Molar heat capacity of j-th product at constant volume

Cp(detonation product); Molar heat capacity of j-th product at constant pressure

d

Number of oxygen atoms

Dget (explosive charge) Detonation velocity of the explosive being tested using the Dautriche

method

Dget (detonating fuse) Detonation velocity of the calibrated detonating fuse used in the Dautriche

Dget
Dretal

Ddet,max

Dec
Ddet,max

Inc
det,max

E
Eg

V2Eg

method

Detonation velocity

Terminal metal velocity

Theoretical maximum density of the explosive
Correcting function for decreasing the value of Dget,max
Correcting function for increasing the value of Dget,max
Number of fluorine atoms

Detonation energy per unit volume

Specific energy or Gurney energy (J)

Gurney velocity or Gurney constant (m/s)
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X = List of symbols
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EOS
EXPLO5

f

% frrauzl, TNT
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fTrauzl

f'Frauzl

Gurney velocity from Hardesty and Kennedy (H-K) method
Gurney velocity from Kamlet and Finger (K-F) method
Equation of state

Thermochemical computer code

Number of chlorine atoms

Relative power of an energetic compound with respect to TNT from the Trauzl lead
block test

Correcting function for the adjustment of an underestimated value of %frrayz1, TNT
obtained on the basis of the elemental composition

Correcting function for the adjustment of an overestimated value of %frrauz, TNT
obtained on the basis of the elemental composition

Y% foallistic mortar,NT Relative power an energetic compound with respect to TNT from the ballistic

%fbrisance,TNT

+
fTrauzl

Hproducts
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H(c)
H9(c)
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Isp
ISPBKW
JCZS-EOS
JCZS3-EOS
JWL-EOS
ki

K-)

L

mortar test

Relative brisance of an energetic compound with respect to TNT
(%fbrisance, TNT)aluminized explosive Relative brisance of an energetic compound with
respect to TNT for aluminized explosives

Correcting function for the adjustment of an underestimated value of %frrauz1, TNT
obtained on the basis of the elemental composition

Number of aluminum atoms

Parameter in Rothstein and Peterson’s method that is equal to 0.4 for liquid explo-
sives and O for solid explosives

General interaction properties function

Constant pressure enthalpy

Number of moles of ammonium nitrate in an explosive composition
Enthalpy of products

Enthalpy of reactants

Enthalpy of the desired species under standard conditions (298.15 K and 0.1 MPa
pressure)

Enthalpy of the desired species in the condensed phase (solid or liquid)

Enthalpy of the desired species in the condensed phase (solid or liquid) under stan-
dard conditions (298.15 K and 0.1 MPa pressure)

Enthalpy of the desired gaseous species

Specific impulse

Computer code for calculation of the specific impulse using BKW-EOS
Jacobs—-Cowperthwaite—Zwisler equation of state
Jacobs—Cowperthwaite-Zwisler-3 equation of state
Jones—Wilkins—Lee equation of state
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List of symbols =— Xi

The ratio of the masses per unit length of the metal and the explosive
Average molecular weight of the gaseous products
Number of moles of gas involved

Number of hydrogen fluoride molecules that can possibly be formed from the avail-
able hydrogen

Number of oxygen atoms in addition to those necessary to form CO, and H,0,
and/or the number of fluorine atoms in excess of those required to form HF

Number of oxygen atoms doubly bonded directly to carbon
Number of oxygen atoms singly bonded directly to carbon
Number of moles of explosive

Number of nitrate groups present as a nitrate ester, or as a nitric acid salt such as
hydrazine mononitrate

Number of moles of the j-th detonation product
Number of moles of gaseous detonation products per gram of explosive
Number of nitro groups attached to carbon in nitro compounds in whicha = 1

Parameter that is equal to 0.5ny0, + 1.5 where nyo, is the number of nitro groups
attached to carbon in nitro compounds for the prediction of the maximum attain-
able detonation pressure in which a = [

Number of —NH; and NHZ moieties in the energetic compounds

Number of ~N=N- groups or NH} cations in the explosive

Ny
Number of —=NH,, NH, or I:N,N groups

Number of =NH,, NHZ, and five membered rings with three (or four) nitrogens in any
explosive, as well as five (or six) membered rings in nitramine cages

Number of moles of aluminum atoms under certain conditions

Number of moles of nitrate salt

Parameter that equals 1.0 for energetic compounds that follow the condition d >
3(a + b) and zero for other energetic compounds

Pressure
Correcting function for the prediction of the heat of detonation of cyclic nitramines
Detonation pressure

Detonation pressure at the maximum loading density or theoretical maximum den-
sity of an explosive

Parameter that is equal to 1.0 for explosives which contain N=N-, —-ONO,, NH;, or
-Ns in the molecular structure for the prediction of the maximum attainable detona-
tion pressure

Correcting function that is specified for increasing the value of the maximum attain-
able detonation pressure on the basis of the elemental composition under certain
conditions

Correcting function that is specified for decreasing the value of the maximum at-
tainable detonation pressure on the basis of the elemental composition under
certain conditions
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Power Index [H,0(g)] Power index of an explosive if the water in the detonation products is in the

gaseous state

Power Index [H,0(l)] Power index of an explosive if the water in the detonation products is in the

Q

Qexpl

Qqet

Qe
Quet[H20(8)]
Qdet[H20(D)]

liquid state

Heat transfer

Heat of explosion

Heat of detonation

Heat of detonation

Heat of detonation when H,0 in the detonation products is in the gas phase

Heat of detonation when H,0 in the detonation products is in the liquid state

Qqet[H20(D)]aromatic Heat of detonation of an aromatic high explosive when H,0 in the detonation

products is in the liquid state

Qdet [H20(D)]nonaromatic Heat of detonation of a non-aromatic high explosive when H,0 in the deto-

Qu,0-co,
R

Ry

R

R-Ro
RMS
STP

-

I

Tmax

Tdet
(Tdet)aromatic

(Tdet)nonaromatic

v

Vo

Veorr
Vdet
Vexp gas
u
Uproducts
Ureactants
Us

Uo

U(c)

nation products is in the liquid state

Heat of detonation based on the “H,0-CO; arbitrary”

Gas constant

Nonlinear coefficient of JWL-EOS

Nonlinear coefficient of JWL-EOS

Actual radial expansion in cylinder test

deviation Root mean square of deviations

Standard temperature and pressure

Temperature

Initial temperature

Maximum temperature

Detonation (explosion) temperature

Detonation temperature of an aromatic energetic compound
Detonation temperature of a non-aromatic energetic compound
Volume

Volume of undetonated high explosive

Correcting function for the volume of the detonation products
Volume of detonation products

Volume of gaseous products

Internal energy

Internal energy of products

Internal energy of reactants

Internal energy of the isentropically expanded products
Internal energy of the isentropically unreacted explosive

Internal energy of a specific compound in the condensed phase (solid or liquid)
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u(eg)
chlinder wall
w

We-
WPHE
Xj

Vi
ZMWNI
AsHE

AHO(g)
AsHO (c)
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Internal energy of a specific compound in the condensed phase (solid or liquid)
under standard conditions (298.15 K and 0.1 MPa pressure)

Internal energy of a specific gaseous compound

Cylinder wall velocity

Work

Velocity of gaseous products (fumes) at the C-) point
Weight percent of high explosives

Mole fraction of the j-th component in the explosive mixture
Mole fraction of the i-th gaseous product

Thermochemical computer code

Standard heat of formation of the desired species in the condensed phase (solid or
liquid) or gas phase

Standard heat of formation of a specific compound in the gas phase

Standard heat of formation of a specific compound in the condensed phase (solid or
liquid)

A¢H (detonation product); Standard heat of formation of the j-th detonation product

AH,
AHE
AU,
AUS

Heat of combustion
Standard heat of combustion
Energy of combustion

Standard energy of combustion

A Vrauzl (energetic compound)  Volume of expansion for an explosive in the Trauzl lead block test

AVTrauzl (TNT)

a
B
14
6
K

Po
Pc

Volume of expansion for TNT in the Trauzl lead block test
Empirical constant of BKW-EOS

Empirical constant of BKW-EOS

Adiabatic exponent

Empirical constant of BKW-EOS

Empirical constant of BKW-EOS

Initial (loading) density (g/cm?3)

Density at C—J point (g/cm3)

Griineisen coefficient or the second adiabatic coefficient
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1 Heat of detonation

Combustion is a chemical reaction which is very fast, highly exothermic, is usually
accompanied by a flame, and takes place between a substance and oxygen. The energy
generated during combustion raises the temperature of the unreacted material and in-
creases the rate of reaction. If the temperature of the combustible substance is raised
above its ignition temperature, the heat which is released will be greater than the heat
which is lost to the surrounding medium, and a flame will be observed. For organic
energetic compounds such as propellants and explosives a large amount of gas at high
temperatures is liberated during their combustion. In contrast to the combustion of fu-
els, the combustion of organic energetic compounds is a self-sustaining process which
does not require the presence of oxygen in the surrounding atmosphere. An organic
energetic compound can be classed as being a deflagrating organic energetic com-
pound if a small amount of the compound in an unconfined space suddenly ignites
on exposure to initiation sources such as a flame, spark, shock, friction, or high tem-
peratures. Deflagrating organic energetic compounds burn faster and more violently
than ordinary fuels, and with a flame, sparks, hissing, or crackling noise. When an
organic energetic compound initiates and its decomposition occurs via a travelling
shock wave rather than a thermal mechanism, it is called a detonating organic ex-
plosive. The detonation process for an organic energetic compound can be instigated
either by burning to detonation or by an initial shock.

1.1 Basic knowledge of the heat of detonation

The heat of reaction is the net heat difference between the heat of formation of the
reactants and products which participate in a chemical reaction. The heat of combus-
tion is the heat of reaction for an oxidation reaction. An organic energetic compound
can undergo either detonation as an explosive, or deflagration as a propellant. For de-
flagration (burning) of an energetic compound, the heat of deflagration can be used
to represent the energy which is liberated. The heat of detonation shows the amount
of energy that can be liberated on the detonation of explosives. However, the heat of
explosion, denoted by Qexpl, is a general term that can be used to describe the quan-
tity of heat which is released in the decomposition of an energetic compound which is
acting as either an explosive or propellant. For both the detonation and deflagration
processes, the heat liberated by these processes will raise the temperature of gaseous
products. This is because the decomposition of an energetic compound is often ex-
tremely fast, which in turn causes the gaseous products to expand and release energy
to the surroundings. However, the effectiveness of an energetic compound depends
on the amount of energy available in it, and the rate of release of this available energy
when detonation occurs. Qexp is one of the most important thermodynamic parame-
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2 —— 1 Heat of detonation

ters that determines the performance of explosives and propellants [1]. As shown in
Fig. 1.1, Qexp1 is the quantity of heat released when an explosive such as 1,3,5-trinitro-
toluene undergoes detonation or deflagration. Since an organic energetic compound
carries its own oxygen within the molecule, both detonation and deflagration occur
even in the absence of external oxygen or air [2]. Qexp1 is @ quick and reliable criterion
to evaluate the performance potential of a desired organic energetic compound [3]. For
example, the higher the Qexp) of a rocket propellant, the higher its “specific impulse”
will be, which is an index of propelling power of a rocket using s specific propellant [4].

Activation energy

Organic energetic
compound

Energy

Heat of explosion

Explosion products

Reaction coordinate

Fig. 1.1: Energy profile of an explosive reaction.

1.1.1 Measurement of the heat of explosion

A bomb calorimeter is a commonly used instrument which can be used to estimate
and compare the values of Qexpl for energetic materials held under constant volume
(Fig. 1.2). It involves burning the sample in a metal bomb containing an inert atmo-
sphere (nitrogen-filled) while the bomb is kept submerged in a measured quantity
of water within a thermal insulating chamber. The metal bomb has to withstand
the large pressure within the calorimeter as the temperature of the water around the
metal bomb is being measured. The measurement is completed after the products have
cooled back to nearly room temperature by noting the increase in the temperature of
the calorimeter water jacket. Qexpi is calculated from this temperature increase using
the effective heat capacity of the calorimeter body and water jacket. The temperature
rise of the bomb calorimeter must be recorded in order to calculate Qexpi. The values
of Qexp1 include contributions due to the cooling of the combustion products from the
flame temperature to room temperature by considering phase changes such as water
condensation.
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Fig. 1.2: Bomb calorimeter for measuring the heat of explosion.

1.1.2 Heat of detonation and heat of formation

When an organic energetic compound is initiated to rapid burning and detonation,
energy is released in the form of heat mainly due to oxidation reactions. Thus, Qexp
shows the heat which is released under adiabatic conditions and is a very important
characteristic of an explosive, providing information about its work capacity. It can be
expected that secondary high explosives and propellants possess high values of Qexp.
For propellants burning in gun chambers and secondary explosives in detonating de-
vices, Qexpl is conventionally expressed in terms of constant volume conditions. For
rocket propellants burning in the combustion chamber of a rocket motor under condi-
tions of free expansion to the atmosphere, Qexp is approximately used under constant
pressure conditions. It should be noted that the reported values for the heat of explo-
sion are a misnomer for three reasons:
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(a) The term “heat” can be used to imply constant pressure enthalpy (H), whereas
the internal energy (U) is an equally valid definition of “heat” in conditions of
constant volume. Although a bomb calorimeter is a constant volume device, both
of the terms H and U are used in the literature.

(b) A sample of an energetic compound usually undergoes combustion rather than
detonation.

(c) Forexothermic reactions, a negative sign should be used in accordance to the con-
vention within the thermodynamics community. However, the energetic materials
community reports Qexpl Values as positive numbers.

The two thermodynamic quantities H and U are state functions for a given species,
which can be related as follows:

H=U+PV, 1)

where P is pressure and V is volume. For gaseous species, the ideal gas equation of
state gives the following equation that relates H and U:

H(g) = U(g) + n(g)RT. (1.2)

where R is the gas constant; T is temperature; n(g) is the number of moles of gas in-
volved; H(g) and U(g) are the enthalpy and internal energy of the desired gaseous
species respectively. At room temperature, RT is equal to 2.48 kJ/mol. For condensed
phase (liquid or solid) species, the value of the product of PV in equation (1.2) is small
enough to allow the following approximation to be made:

H(c) = U(c), (1.3)

where H(c) and U(c) are the enthalpy and internal energy of desired species in the
condensed phase respectively. It can be assumed that under standard state condi-
tions (298.15K and 0.1 MPa pressure) H 9 = A¢H? for the species of interest relative
to the reference elements at 298.15K and 0.1 MPa pressure. Thus, equation (1.3) can
be written as

U%(c) ~ H%(c) =~ AsH(c). (1.4)

Since the enthalpies of formation are often more readily available than the internal
energies of formation, in a good approximation, Qexpi can be calculated from the dif-
ference between the sum of the standard heats of formation of the products and the
sum of the standard heats of formation of the reactants. In other words, Qexp1 is sim-
ply the difference between A;H? of the products of explosion and AtH? of the explosive
itself. The value of AH? for chemical explosives may be calculated from knowledge
of the individual bond energies between the atoms of an explosive molecule. Further-
more, the values of A¢H? for different gaseous products are available in the literature.
Thus, it is possible to calculate Qexp1 from the value of A¢H' % of the assumed decompo-
sition reaction. For secondary organic high explosives, Kamlet and Jacobs [5] used the
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term “heat of detonation”, denoted by Qget, for the calculation of the heat of detona-
tion reaction as follows:
- [Z n;jAsH® (detonation product); — AgH e(explosive)]

1.
formula weight of explosive (1.5)

Qdet =

where A¢H%(detonation product); and n; are the standard heat of formation and the
number of moles of the j-th detonation product, respectively. As seen in equation (1.5),
a positive heat of formation (per unit weight) is favorable for an explosive, because this
leads to a greater release of energy upon detonation and an improvement in perfor-
mance. The assumed or computed equilibrium composition of the product gases can
be used for evaluating the heat of formation of the detonation products. If the con-
densed heat of formation of the explosive and decomposition products of explosive
are known, then using the standard heats of formation of the gaseous products will
lead to the prediction of the heat of detonation of an explosive. Experimental data of
A¢HY for some pure and composite explosives are given in the Appendix.

1.1.3 Relationship between the heat of combustion and heat of formation

The energy of combustion is experimentally measured through the use of a bomb
calorimeter filled with an excess of oxygen (Fig. 1.3). For an energetic compound with
general formula C,H,N.O4 in the solid or liquid phase, the combustion products
would be liquid H,0 and gaseous CO; and N, on the basis of the following equation:

C,HpN.Og4(sorl) + (a + % - %) 0,(g) — aCOy(g) + gHZO(l) + gNz(g). (1.6)

The measured energy of combustion, AU, can be converted into the heat of combus-
tion, AH,, by the following equation:

AHC=AUC+An(g)RT=AUC+<§—%+§>RT, 1.7)

where An(g) is the change in the number of moles of gas for the reaction, and R is the
gas constant. Thus, the standard heat of combustion in kJ/mol can be calculated by
use of the equation

d b c
AH? = AU? + 2.4788<5 -2 5). (1.8)

Moreover, the standard heat of formation of the desired energetic compound C,H,
N.Oy4 can be calculated by the following equation [6]:

A¢H? (energetic compound) = aAtH?[CO,(g)] + gAfHG [H,0(1)] - AH?. (1.9)

By assuming AtH?[CO,(g)] and A;H?[H,0(1)] to be equal to -393.5 and -285.8 kJ/mol,
respectively, and using equations (1.8) and (1.9), the value of A{H? (energetic com-
pound) can be obtained.
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Reactants
1molCHNO

a b ¢ d

+
(a+b/4-c/2) mol O,

Potential energy
Energy of combustion

Products
aCo,(g)+(b/2)H,0()+(d/2)N,(g)

Fig. 1.3: The difference between the energy content of one mole of the desired energetic compound
CaHpN-O4 and the energy of the combustion products formed on its oxidation by O,.

1.2 The assumed detonation products

Two different approaches are frequently used for predicting the detonation products.
The first one is based on simple decomposition paths and the second approach is to
use thermochemical computer codes.

1.2.1 Simple methods for the prediction of the detonation products

There are several different approaches such as the Kistiakowsky-Wilson rules, Mod-
ified Kistiakowsky—Wilson rules, and the Springall Roberts rules that are based on
the distribution of oxygen atoms to carbon and hydrogen atoms through several steps
to form the detonation products CO, CO,, H>0, and N, for C,H,N.O4 explosives [7].
Although these methods are simple in their approaches, it is difficult to derive de-
composition pathways. Several simple methods have been developed to estimate the
number of moles of detonation products formed in plausible decomposition pathways.
Kamlet and Jacobs [5] have suggested that the overall stoichiometry of explosive de-
composition products for an explosive having the general formula C,H,N.O4 may be
given as

b
CaHpNOg — SH0 + N, + (1.10)

i(g_g)coz+(a—§+§)c (a)
2

aCo, +(4-2-4a)0,. (b)

Kamlet and Jacobs [5] assumed that C,H,N.Oy4 high explosives generally have crystal
densities ranging from 1.7 to 1.9 g/cm?, and the explosives which are used have densi-
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ties close to their theoretical maximum density. They argue that for explosives at these
densities, the product compositions given in equation (1.6) can be called the “H,0-CO,
arbitrary”.

For organic C,H, N O4F.Clf explosives, it can be assumed that all nitrogen con-
tained in the explosive forms N, fluorine is converted to HF, chlorine to HCl, a portion
of the oxygen forms H,0, and carbon is preferentially oxidized to CO rather than CO,.
The following pathways can then be written to obtain the detonation products:

CqHpNOgFCly — eHF + fHCl + $N>

[dCO + (a - d)C + =2 H, (@)
withO<a-d,
aCo +(d - a)H,0 + (251 —d +a) H, (b)
with0>a—dand0<¥—d+a,

+ (1.121)

(b—;—f)H20+ (2a—d+ b_g_f)CO+ (d— a- ”‘§‘f)COz (c)

withd —a- 2L >0and 0 < 2a-d + &7,

(24L)H,0 +aCO, + 1 (d - 2L - 24) 0, d
| with0 > 2a - d + &=

For some C,H,N.O4 explosives, the decomposition paths shown in equation (1.11) give
amore reliable prediction of Qget compared to equation (1.10). Two different values can
be obtained for Qqet, because two different phases (gas and liquid) can be assumed for
water, which is one of the major detonation products. To demonstrate the use of equa-
tions (1.10) and (1.11) for the calculation of Qget, cyclotetramethylenetetranitramine
(HMX) with the empirical formula C,HgNgOsg is chosen. Since equation (1.10) (b) can
only be used for organic explosives containing enough oxygen to convert all hydrogen
and carbon atoms to H,0 and CO,, respectively, there are only a few explosives such
as nitroglycerine (NG: C3HsN30g) that can follow this decomposition path. Therefore,
equation (1.10) (a) is used for most organic explosives. Thus, equation (1.10) (a) gives
the following detonation products and heat of detonation:

C4H8N808 i 4N2 + 4H20 + 2C02 +C
—[4A:HPH,0(g) + 2A:H?(CO,) — AtH? (HMX)]
formula weight of HMX
_ —[(4)(-=241.8k]/mol) + (2)(-393.5 k]/mol) - (74.8 k]/mol)]
- 296 g/mol

Qqet[H20(8)]

14

=6.18K]/g,
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—[4AsHPH,0(1) + 2A:HY(CO,) - AtH? (HMX)]
formula weight of HMX
_ —[(4)(-285.8K]/mol) + (2)(-393.5 kJ/mol) - (74.8 kJ/mol)]
- 296 g/mol

n

Qqet[H20(D)]

=6.77kJ/g.

Meanwhile, the decomposition path shown in equation (1.11) (c) should be used be-
cause the condition
b-e-f

d>a+ (824+

2

8—0—0)
2

is satisfied for HMX:
C4H8N308 — 4N2 + 4H20 + 4CO.

However, the heat of detonation can be calculated on the basis of the new detonation
products as follows:

_ —[4AsHOH,0(g) + 4A¢HO(CO) — AH? (HMX)]
Qe[ H20(8)] = formula weight of HMX

_ —[(4)(-241.8k]/mol) + (4)(-110.5 k]/mol) — (74.8 k]/mol)]
- 296 g/mol

=5.02KJ/g,

—[4A:HPH,0(1) + 4A¢H?(CO) — AtH? (HMX)]
formula weight of HMX
_ —[(4)(-285.8k]/mol) + (2)(-110.5 k]/mol) — (74.8 kJ/mol)]
B 296 g/mol

Qqet[H20(1)]

1

=5.61KkJ/g.

The necessary values from experimental data for H,0, CO, and CO, were taken from
the NIST Chemistry WebBook [8]. To compare the effect of the different detonation
products formed in equations (1.10) and (1.11), the heats of detonation for some well-
known C,H;N.O,4 organic explosives which were calculated using these equations are
given in Tab. 1.1. The root mean square (RMS) of deviations are also given in Tab. 1.2,
and which can be defined as

N
RMS deviation (kJ/g) = \j % Z Dev?, (1.12)
i-1

where N represents the number of heat of detonation measurements which were in-
cluded.
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1.2.2 Prediction of the detonation products on the basis of computer codes and
using quantum mechanical calculations for the prediction of Qget

Different thermochemical computer codes such as CHEETAH [10] and EXPLOS5 [11] can
be used to predict the value of Qexpi for an energetic compound. For example, EXPLO5
[11] is a computer program for the calculation of the detonation parameters of explo-
sives. It is based on the chemical equilibrium and steady-state model of detonation. It
uses the Becker—Kistiakowsky-Wilson (BKW) equation of state, which is based upon
a repulsive potential applied to the virial equation of state for expressing the state of
gaseous detonation products [12]. The BKW equation has the following form [12]:

PV K2 yiki K Y yiki

= (wrram) o 8 (werram)| (13
where P is the pressure, V is the volume, R is the gas constant, T is the temperature, y;
is the mole fraction of the i-th gaseous product, k; are the molar covolumes of the i-th
gaseous product, and a, f8, x, and 6 are empirical constants. EXPLO5 minimizes the
free energy through a suitable technique, which was developed by White, Johnson,
and Dantzig [13] and modified by Mader [12]. This technique is applied to the mathe-
matical expression of the equilibrium state of the detonation products. According to
this technique, the system of equations is formed and solved by applying modified
Newton’s method, but with some approximations [11].

For CHEETAH 2.0 [10] calculations, it should be mentioned that the heats of for-
mation are included in the library of reactants in this suite of programs and consist
of values compiled from the literature or passed along by oral tradition. The user’s
manual gives the estimated errors in the heats of formation. The Chapman-Jouguet
(C-J) stateis calculated for the designated explosive, while the heats of detonation pre-
dicted using CHEETAH 2.0 [10] and the Jacobs—Cowperthwaite—Zwisler (JCZS) equa-
tion of state (EOS), or JCZS-EOS library [14] are obtained by executing the “Standard
Detonation Run”, in which the adiabatic expansion of the product gases from the C-J
state to 1atm is calculated. In these calculations, the value of Qge¢ corresponds to the
energy difference between the reactants and all of the products at the end of this
expansion. Rice and Hare [15] have predicted the product concentrations using the
thermochemical code CHEETAH 2.0 [10] and the JCZS product library [14] for 34 C,H},
N.O4 explosives. The results indicated that 94 % of the gaseous products consist of
only five compounds: H,0, H,, N3, CO, and CO,. More than 97 % of the gaseous prod-
ucts consist of only the above mentioned five species for 30 out of the 34 explosives
which were investigated. Rice and Hare [15] assumed that the detonation products are
formed according to the following decomposition equation, since CO is predicted to
be a major component of the product gases by the thermochemical calculations:

CqHpN.O4 — eH,0 + fN, + gCO, + hCO + iH; + jC + k(other products), (1.14)

where the number of moles of products e, f, g, h, i, j, and k are given by the CHEE-
TAH 2.0/]JCZS calculations. They assumed that the contribution of k in equation (1.14)
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is small and referred to this as the modified Kamlet and Jacobs method [15]. They
predicted the heat of formation for explosives in the condensed phase using quan-
tum mechanical calculations and the general interaction properties function (GIPF)
methodology. They also calculated the heats of detonation using quantum mechani-
cally predicted values for the condensed phase heats of formations of the explosives,
and the experimental values of the heats of formation for CO,, CO, and H,O0. The stan-
dard heats of formation of C, H,, and N, in equation (1.14) are zero. For pure explosives,
they have indicated that the quantum mechanical based method using the modified
Kamlet and Jacobs method is in better agreement with experimental values than the
H,0-CO, arbitrary [15]. For C,H;N.O4 explosives, equation (1.14) and the H,0-CO, ar-
bitrary were used to calculate the heat of detonation of pure explosives and explosive
formulations [15].

1.3 New empirical methods for the prediction of Qget
without considering the detonation products

In recent years, different correlations have been developed to predict the values of
Qget for secondary C,HpN.O4 high explosives, without considering their detonation
products. These methods are reviewed here.

1.3.1 Using the gas and condensed phase heats of formation of explosives

1.3.1.1 Elemental composition and standard gas phase heat of formation

of an explosive
For aromatic and nonaromatic, pure secondary high explosives of the general for-
mula C,HpN.Og4, it was shown that the following equation can be used to estimate
Qaet[H20(D)] [16]:

Qdet [HZ O(D]aromatic
_ 61.78a - 51.32b + 30.66¢ + 91.45d — 0.0667 [AsH?(g) of explosive] (115)
B formula weight of explosive ’

Qdet [HZ O(D]nonaromatic
_ 58.72a-55.01b - 21.23¢ +250.9d + 1.065[AsH?(g) of explosive] (1.16)
- formula weight of explosive ’

where AtH?(g) is the standard gas phase heat of formation of the explosive in kJ/mol,
which can be estimated by different methods, e.g. quantum mechanical, group addi-
tivity, and empirical methods [17]. It should be noted that in these equations no prior
knowledge of any measured, estimated, or calculated physical, chemical, or thermo-
chemical properties of the explosive and its assumed detonation products is required
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other than the easily calculated gas-phase heat of formation. This new procedure,
which is based on the calculated gas-phase heats of formation, shows surprisingly
very good agreement with experimental values. Since the values of the coefficients
of AtHY(g) are small relative to the coefficients of elemental composition in equa-
tions (1.15) and (1.16), the contributions of the last term in these equations are low.
Thus, there is no need to use more reliable complex quantum mechanical methods
for the calculation of AfH?(g) of explosives here.

Two examples are given here to illustrate the application of the method for aro-
matic and nonaromatic high explosives. Hexanitrohexaazaisowurtzitane, also called
HNIW or CL-20, is a nitramine explosive with the formula C¢HgN1,01,, and is the most
powerful explosive being investigated at the pilot scale or larger [18]. Hexanitrostil-
bene (HNS) is an organic compound with the formula C14HgNgO1», which is used as a
heat-resistant high explosive. If Benson’s group additivity method [19] is used — which
can be easily applied through knowledge of the molecular structure of a desired ex-
plosive and using the NIST Chemistry WebBook [20] — the predicted A¢H f(g) value of
150 kJ/mol is obtained for HNS. For CL 20, the group additivity method cannot be used
because of the absence of a specific group. However, the value of AfH?(g) for CL 20 was
predicted to be about 500 kJ/mol on the basis of isodesmic reaction calculations using
the G4(MP2) and B3LYP/cc-pVTZ levels of theory [21]. Thus, equations (1.15) and (1.16)
give the following values for Qget[H>O(1)] of HNS and CL 20 as aromatic and nonaro-
matic explosives, respectively:

61.78(14) - 51.32(6) + 30.66(6) + 91.45(12) — 0.0667(150)

Qdet[H20(1)]aromatic = 450.23

= 4.06k]/g,

58.72(6) - 55.01(6) — 21.23(12) + 250.9(12) + 1.065(500)

Qqet[H20() ] nonaromatic = 438.18

=7.56Kk]/g.

The experimentally obtained values for CL 20 and HNS are 6.234 [22] and 4.088K]/g
[1], respectively, which are consistent with the predicted values.

1.3.1.2 The corrected Kamlet and Jacobs method for aromatic explosives

For aromatic energetic compounds, it was found that the results predicted by the Kam-
let and Jacobs method [5] are overestimated in comparison with the experimental data
[23]. However, it was shown that the following equation provides more reliable predic-
tions in comparison to the Kamlet and Jacobs method [5, 23]:

45.6b + 201.2d + AH? (explosive)
formula weight of explosive

Qaet[H20(D)]aromatic = —=2.181 + (1.17)

As can be seen in Tab. 1.2, the results of this equation are in good agreement with the
measured data.
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1.3.1.3 The corrected Kamlet and Jacobs method for aromatic and

nonaromatic explosives
It has been found that an appropriate correlation of the following form can provide
a suitable pathway to obtain reliable predictions of the heats of detonation for non-
aromatic and aromatic explosives [24]:

Qudet [H2O(D)Inonaromatic = 2.111 + 0.915 Qn,0-co, — 4.584(a/d) - 0.464(b/d), (1.18)

Qqet[H20(D)]aromatic = —1.965 + 0.993Qx,0-co, + 0.029(a/d) - 0.106(b/d), (1.19)

where Qn,0-co, is the heat of detonation based on the “H,0-CO; arbitrary” where wa-
terisin liquid state. Equations (1.18) and (1.19) provide a reliable correlation for a quick
estimation of the heats of detonation for a wide range of energetic materials includ-
ing under-oxidized and over-oxidized, nonaromatic explosives. Tab. 1.2 compares the
predicted results of these correlations with experimental data.

1.3.2 Using structural parameters of high explosives

1.3.2.1 Nonaromatic explosives
For nonaromatic explosives, it was found that the following equation can provide a
suitable pathway to predict the value of the heat of detonation [25]:

Qdet[H20(D) I nonaromatic = 5-081 + 0.836(d/a) — 1.604(b/d) + 2.727Cssp, ~ (1.20)

where d/a and b/d are the ratios of oxygen to carbon and hydrogen to oxygen atoms,

respectively; Cssp is the contribution of some specific structural parameters in a

nonaromatic C,H;N.O4 explosive. The values of Cssp can be given as follows:

(a) for cyclic nitramine, Cssp = 0.35;

(b) for a nonaromatic explosive that has the -N-C(=0)-N- functional group, the
value of Cssp is —1.0 if it does not contain more than two nitro groups.

As is indicated in Tab. 1.2, the predicted values of Qget[H>0O(1)] for several nonaro-
matic, energetic compounds are calculated and compared with the experimental
values.

1.3.2.2 Aromatic explosives
For various aromatic explosives, the general form of the correlation based on the struc-
tural parameters can be given as follows [26]:

Qdet[H20(1)]aromatic = 2.129 + 0.178¢ + 0.874(d/a) + 0.160(b/d)
+0.965Csrg, (1.21)
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where Csgg is the contribution of some specific functional groups in aromatic C,Hy,
N.O4 energetic compounds. The value of Csgg is —1.0 for aromatic energetic com-
pounds that have some specific functional groups, namely: ~COOH, NH;, two —OH
(or one —OH with one —NH,) and three —NH,. Comparison of the predicted results
obtained using this method with the experimental data is given in Tab. 1.2.

1.3.2.3 General correlation for both aromatic and nonaromatic explosives

It was indicated that the ratios of oxygen to carbon and hydrogen to oxygen atoms, the
presence of cyclic nitramines and the contributions of some specific polar functional
groups can be used to predict Qqget[H,0(1)] as follows [27]:

Qaet[H,0(1)] =3.198 + 1.223(d/a) — 0.625(b/d)
+ 1-193Pcyc,nitramine - 1-408Cpolara (1.22)

where Py nitramine is @ correcting function that can be applied only for cyclic nitra-

mines; Cpolar is the contribution of some specific polar or functional groups in aro-

matic and nonaromatic C,H,N.O4 energetic compounds. For cyclic nitramines such
as 1,3,5-trinitro-1,3,5-triazacyclohextane (RDX), the value of Pcyc nitramine is 1.0. Differ-
ent values are expected for Cpo1ar, Which can be specified as follows:

(1) Nitroaromatics: The value of Cyolar is equal to 0.8 for aromatic energetic com-
pounds that have some specific polar functional groups, namely one —-COOH, -0,
two —OH (or one —OH with one —NH,) or three —NH, groups.

(2) Nonaromatic energetic compounds: For nitramines containing the polar func-
tional group -NH-NO,, Cyolar equals 1.25. The value Cpolar is 2.5 if the nitrate salt
of the amino group (-NH,-HNO3) is present.

If the two above conditions for aromatic and nonaromatic energetic compounds are
not satisfied, the value of Cpolar €quals zero.

1.3.3 Prediction of the heat of explosion in double-base and composite Modified
double-base propellants

Double-base propellants are known as smokeless propellants, which contain nitro-
cellulose (NC) and nitroglycerine (NG) as two major components of these propellants.
Some additives such as burning rate catalysts, modifiers, and anti-aging agents are
added to the compositions of double-base propellants. These additives may result in
superior mechanical properties at high and low environmental temperatures, as well
as improving the burning rate characteristics. Since NG is highly shock sensitive, other
types of nitrate esters such as ethyleneglycol dinitrate (EGDN), theriethyleneglycol di-
nitrate (TEGDN), and trimethylolethane trinitrate (TMETN) can be used to formulate
non-NG double-base propellants [4].
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For composite modified double base (CMDB) propellants, crystalline ammo-
nium perchlorate (AP), cyclotetramethylene tetranitramine (HMX), cyclotrimethylene
trinitramine (RDX), or Al particles are mixed with nitro polymers in order to increase
the energy of double-base propellants. However, the physiochemical and performance
characteristics of CMDB propellants are intermediate between those of composite and
double-base propellants. Since CMDB propellants have great potential in producing
a high specific impulse and flexibility of the burning rate [4, 7], they are widely used.
For double-base and CMDB propellants, the knowledge of the Qexp1 of propellants is
especially important, because the heat of explosion is directly proportional to the ex-
plosion temperature and indirectly related to other performance characteristics such
as powder force, powder potential, and the specific impulse. For the calculation of
the Qexp1 of double-base and CMDB propellants, two models were developed, namely:
artificial neural network (ANN) and multiple linear regression (MLR) models [28]. For
double-base and CMDB propellants, it was shown that the predicted results on the
basis of the ANN and MLR models are more reliable than those obtained by the mass
percent and heat of explosion of individual components [28]. For double-base pro-
pellants, the %NC and %NG values are the most important parameters affecting the
Qexp1 of double-base propellants. For CMDB propellants, the percentage of energetic
plasticizer and percentage of nitramine are the most important parameters. Although
these methods are complex, they have some advantages:

(i) there is no need to use the heats of formation of different species;

(ii) they do not require knowledge of the combustion products;

(iii) it is not restricted to C,H,N.O4 propellants, and can be applied to double-base
and CMDB propellants containing other elements;

(iv) they are more simple to use in comparison with the other computer codes.

Summary

The theoretical computation of new energetic materials allows the identification of
promising candidates for additional study and elimination of poor candidates. In the
recent past, some theoretical methods have been used to predict the Qexp1 0f organic
energetic compounds because the detonation behavior of explosives has received
great interest. Since the Qexpl is a convenient parameter for describing the perfor-
mance potential of energetic materials, different approaches have been described and
demonstrated in this chapter.

printed on 2/13/2023 3:27 AMvia . All use subject to https://ww.ebsco. confterms-of-use



Questions and problems =— 17

Questions and problems

Hint
The necessary information for some problems are given in the Appendix.

(1) Whatis the relationship between the heat of detonation and the condensed phase
heat of formation of an explosive?

(2) What are the values of Qget[H>0(1)] and Qget[H,0(g)] on the basis of the decom-
position paths given in equation (1.11) for PBX-9010?

(3) If the gas phase heats of formation of ethyl nitrate and TATB are -54.37 and
19.4 kcal/mol respectively, calculate Qqet[H20(1)] for these energetic compounds
on the basis of equations (1.15) and (1.16).

(4) The solid-phase heat of formation of styphnic acid (C¢H3N30sg) is -523.0 k] /mol [1].
(a) Calculate Qqget[H,0(1)] of this compound from equation (1.17).
(b) Calculate Qget[H>0(1)] of this compound from the decomposition paths out-
lined in equations (1.10) and (1.11).
(c) If the measured value of Qqet[H>0(1)] is 2.952K]/g [1], arrange the reliability
of the predicted results by the mentioned methods.

(5) Use equations (1.18) or (1.19) to calculate Qget[H,0(1)] for the following explosives
and compare the predicted results with the corresponding experimental values:
(@) 3-Nitro-1,2,4-triazole-5-one (NTO) (AtH?(c) = —14.3 kcal/mol [1];
Exp. = 3.148K]J/g [1]);
(b) e-Hexaazaisowurtzitane (CL-20) (AfH?(c) = 90.2 kcal/mol [1];
Exp. = 6.314K]J/g [1]);
(c) 1,1-Diamino-2,2-dinitroethylene (FOX-7) (AtH?(c) = —32.0 kcal/mol [1];
Exp. = 4.755K]/g; [1])
(d) Octanitrocubane (ONC) (AtH?(c) = 144.0 kcal/mol [1]; Exp. = 7.648 kJ/g [1])

(6) ForManitol hexanitrate (C¢HgNgO1g), calculate Qget[H>O(1)] using equation (1.20).

(7) Picramic acid has the following molecular structure. Calculate the value of
Qqet[H>0(1)] for this compound on the basis of equation (1.21).

OH
O,N NH,

NO
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(8) Rice and Hare [15] have predicted Qget[H>O(1)] using quantum mechanical cal-
culations for NTO, CL-20, and FOX-7 as 4.711, 6.945, and 5.971, respectively. Use
equation (1.22) to calculate Qget[H>O(1)] for these compounds. According to the
measured values of these compounds given in Problem (5), compare the calcu-
lated results of equation (1.22) with the corresponding results of Rice and Hare [15].

n For answers and solutions, please see p. 93
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2 Detonation temperature

2.1 Adiabatic combustion (flame) temperature
2.1.1 Combustion of fuels with air

For a combustion process, in the absence of any work interactions and any changes in
kinetic or potential energies, the stored chemical energy released is either lost as heat
to the surroundings or is used internally to raise the temperature of the combustion
products. The smaller the heat loss, the larger is the temperature rise that can be ex-
pected. If there is no heat loss to the surroundings, i.e. a combustion process that takes
place adiabatically, the temperature of the products will reach a maximum, which is
called the adiabatic flame or adiabatic combustion temperature of the reaction
(Fig. 2.1).

Insulation

Fuel Combustion
Combustion ] products

. chamber T iy

Aif —M— max

Fig. 2.1: Maximum temperature (Tmax) when combustion is complete and there is no heat loss.

For a combustion process under conditions of constant volume and constant pres-
sure, there are two types of adiabatic flame temperature describing the temperature
of the combustion products theoretically reach if no energy is lost to the outside en-
vironment. The constant volume adiabatic flame temperature shows maximum
temperature from a complete combustion process that occurs without any work (W),
heat transfer (Q), or changes in kinetic or potential energy. To obtain the constant
volume adiabatic flame temperature thermodynamically for closed reaction systems,
the following equation for no heat transfer (Q = 0) and no work (W = 0) can be used:

Uproducts = Ureactants> (2.1)

where Uproducts Te€presents the internal energy of the products and Ureactants COrre-
sponds to the internal energy of the reactants. The constant pressure adiabatic
flame temperature indicates the maximum value for the temperature from a com-
plete combustion process that occurs without any heat transfer or changes in the
kinetic or potential energy. The constant pressure adiabatic flame temperature can

DOI110.1515/9783110521863-004
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also be calculated for steady-flow systems under conditions Q = 0 and W = 0 since

H products = H reactantss (2'2)

where Hproducts corresponds to the enthalpy of the products and Hyeactants is the en-
thalpy of the reactants.

Since there is no change in the volume of the system (i.e. generated work), the
constant volume adiabatic flame temperature is higher than the constant pressure
adiabatic flame temperature. For heat transfer, incomplete combustion, and disso-
ciation, the temperature in the combustion chamber is lower than the adiabatic flame
temperature (Fig. 2.2).

1—Heat loss
Fuel —Incomplete Combustion
! combustion products
Air ———+— —Dissociation TeT e

Fig. 2.2: The temperature of the combustion products (T) is lower than Trax due to incomplete com-
bustion, dissociation and heat loss.

The minimum amount of air needed for the complete combustion of a fuel, whereby all
of the carbon in the fuel burns to CO,, all the hydrogen burns to H,0, and all the sulfur
(if any) burns to SO,, is called the stoichiometric or theoretical air. The value of the
adiabatic flame temperature of a fuel is not unique and depends on the state of the
reactants, the degree of completion of the reaction, and the amount of air used. The
adiabatic flame temperature attains its maximum value when complete combustion
occurs with the theoretical amount of air.

In order to calculate the constant volume and constant pressure adiabatic flame
temperature through equations (2.1) and (2.2) for the combustion of solid or liquid re-
actants at standard state conditions, equation (1.4) for the determination of Heactants
or Uteactants €an be used. Since the temperature of the products is not known prior
to the calculations, the calculation of the enthalpy or internal energy of the products
Hproducts OF Uproducts 1S not so straightforward. Thus, the determination of the adiabatic
flame temperature usually requires the use of an iterative technique. In such a tech-
nique, the values of Hproducts 0T Uproducts are determined for several high temperatures
until the value of Hyoducts 0F Uproducts becomes equal or close to Hreactants OF Ureactants-
The constant volume and constant pressure adiabatic flame temperature is then de-
termined from these two results by interpolation. Using air as the oxidant, the product
gases mostly consist of N,, and a good first guess for the adiabatic flame temperature
is obtained by treating the entire product gases as N». Since the highest temperature
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to which a material can be exposed is limited by metallurgical considerations, the
constant volume and constant pressure adiabatic flame temperature is an important
consideration in the design of combustion chambers, gas turbines, and nozzles. The
measured maximum temperatures are considerably lower than the constant volume
and pressure adiabatic flame, because combustion is usually incomplete, some heat
loss takes place, and some combustion gases dissociate at high temperatures (Fig. 2.2).
To lower the maximum temperature in a combustion chamber, excess air can be used
to serve as a coolant. For a given fuel and oxidizer combination in the correct sto-
ichiometric mixture, (i.e. correct proportions such that all fuel and all oxidizer are
consumed), the amount of excess air can be tailored as part of the design to control
the adiabatic flame temperature.

2.1.2 Combustion of propellants

For the adiabatic combustion of a desired propellant at a constant-pressure state, the
enthalpy of a system should be constant during the process, i.e. the condition of equa-
tion (2.2) must be satisfied. Due to the existence of complex calculations for different
categories of propellants, different computer codes such as ISPBKW [12], CHEETAH
[29], and ZMWNI [30] can be used. In various numerical computer codes, calculations
aim to seek a minimum for the thermodynamic potential for an assigned pressure and
enthalpy. The constant pressure adiabatic flame temperature, (the so-called adiabatic
combustion temperature), is determined on the basis of the weight percent of the
different constituents. For example, Grys and Trzcifiski [30] compare the results of
equilibrium calculations for exemplary mixtures containing polytetrafluoroethylene
(PTFE) and magnesium powder at a pressure of 1atm (Tab. 2.1). They used the equa-
tion of state BKWS database [31] for compounds containing fluorine and magnesium. It
should be mentioned that BKW-EOS (equation (1.13)) has three different parameteriza-
tions including BKWC-EOS, BKWR-EOS, and BKWS-EOS. In contrast to the BKWR-EOS
and BKWC-EOQS, the covolumes used in the BKWS-EOS are assumed to be invariant
and are based on the molecular structure of the product species [31].

As is shown in Tab. 2.1, the differences between the equilibrium values calculated
for the constant-pressure combustion using the CHEETAH and ZMWNI codes are
small, below 0.2 %. For solid energetic materials, the adiabatic combustion tempera-
ture is very often used in the numerical modeling of the combustion process. Since the
mass percent of different constituents in a solid propellant can influence the values
of the adiabatic combustion temperature, computer codes evaluate the equilibrium
composition of various products as a function of the mass percent of different con-
stituents of propellant at the specified pressure in the combustion chamber. Figure 2.3
shows the output of the option of the constant pressure combustion using the ZMWNI
code for mixtures of PTFE with Mg or Al, which enables the adiabatic combustion
temperature on the basis of the mass fraction of a metal to be determined.
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Tab. 2.1: Comparison of the product compositions obtained from the ZMWNI and CHEETAH codes for
calculation of the constant pressure adiabatic combustion of a mixture containing 70 % PTFE and
30 % Mg (the composition of the products is given in mol of product per mol of explosive) [30].

FaMg F CF, CF FMg CF3
ZMWNI 5.64E-01 1.67E-01 1.75E-02 4.99E-02 6.75E-02 4.80E-05
CHEETAH 5.64E-01 1.67E-01 1.75E-02 4.99E-02 6.75E-02 4.80E-05

CF4 C3 F4Mg2 Mg Cz Fz Cz
ZMWNI 1.80E-06 2.75E-02 3.30E-05 6.16E-03 3.76E-05 3.79E-03
CHEETAH 1.80E-06 2.75E-02 3.30E-05 6.16E-03 3.76E-05 3.79E-03

F, C5 C2F4 C4 Cz Fe *C solid
ZMWNI 1.52E-06 3.51E-04 1.52E-08 1.61E-04 9.93E-13 4.73E-01
CHEETAH 1.52E-06 3.51E-04 1.53E-08 1.61E-04 9.94E-13 4.73E-01

3800

Adiabatic combustion temperature (K)
N
[o]
o
o
1

PTFE/Mg

. PTFE/AL
\

10

20 30

40 50

Mass percent of metal

Fig. 2.3: Dependence of the adiabatic combustion temperature on the mass percent of the metal in
PTFE/Al and PTFE/Mg mixtures [30].

2.2 Detonation (explosion) temperature for explosives

2.2.1 Measurement of detonation temperature

The detonation process for an explosive is extremely fast, meaning that the gases do
not have time to expand to any great extent. As seen in Chapter 1, the heat of deto-
nation raises the temperature of the gases, which in turn causes the gases to expand
and work on the surroundings. Therefore, as is the case for the adiabatic combustion
temperature or flame temperature, it can be assumed that the detonation products
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can attain the maximum temperature under adiabatic conditions. The effect of the
transfer of heat energy on the gaseous detonation products can be used to calculate
the detonation temperature or explosion temperature.

Determination of the detonation temperature is extremely important, because it
can be related to the study of the kinetics of chemical reactions in the reaction zone
and the thermodynamic state of the detonation products. The detonation temperature
is the most important thermodynamic quantity needed to analyze the kinetics of ex-
plosion transformation and to evaluate the correctness of the equations of state (EOS)
which are required to describe explosive processes. Optical methods are frequently
used to determine the temperature at the detonation wave front and the temperature of
the detonation products. To measure the temperature in shock and detonation waves
with submicrosecond time resolution, photoelectric recording of the light intensity
in high temperature phenomena is used [32]. It should be mentioned that there are
numerous different measuring systems for the determination of the detonation tem-
perature, which mainly differ with respect to the optical system which is used. For
example, Sil’vestrov et al. used an optical pyrometer to measure the brightness tem-
perature of the detonation front of an emulsion explosive with glass microballoons as
a sensitizer [33].

The brightness of the detonation front interacting with a detector which can be
used to measure the detonation temperature has an absolute accuracy estimated to be
+100 K for liquid explosives and +200 K for solid explosives. Any voids or density dis-
continuities can lead to measurement of the brightness of the shocked air or shocked
detonation products rather than the Chapman-Jouguet (C-J) detonation products.
Thus, a density discontinuity-free system such as a liquid or a single crystal is useful
for measurement of the detonation temperature. Since measurement of the detona-
tion temperature is difficult, experimental data for detonation temperatures is scarce.
For reporting detonation temperatures, a blackbody of equivalence photographic
brightness with an absolute accuracy of about 200 K is usually used [12].

For measurements of the detonation temperature of condensed heterogeneous
opaque (or partially transparent) explosives, there is a large scatter of results. This
situation is due to the different qualities of the prepared explosive charges, as well
as additional glow effects at the interface between the explosive and optically trans-
parent medium [33]. For many heterogeneous explosives — from low-velocity safety
explosives, low-density TNT, and PETN to pressed RDX and HMX — despite the method-
ological difficulties, the brightness temperatures of the detonation front are found in
the range 2350-7500 K [32, 34]. The reported detonation temperatures for a specific
explosive depend on the method which is used. For example, the measured detona-
tion temperature for PETN at a density of ~ 1.6 g/cm? is 4250-6300K [33]. If an EOS
corresponding to experimental data is constructed, the temperature measurements
are in satisfactory agreement with the results of calculations for different EOSs for the
explosion products.
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2.2.2 Calculation of detonation temperature

2.2.2.1 Computer code

Many thermochemical codes are currently being used to carry out thermodynamic
calculations of the detonation temperature of the condensed explosives, e.g. BKW
Fortran [12], CHEETAH [29], and EXPLOS5 [11]. For a constant volume explosion, con-
servation of the internal energy is a physical condition, and the temperature is an un-
known state parameter under this condition. The main aim in thermochemical codes
is to determine the composition of the products for which the principle of the conser-
vation of the internal energy is fulfilled and the thermodynamic potential reaches its
minimum. Among different EOSs that can be used in these thermochemical codes, it
was found that the BKWS-EOS predictions of the detonation temperature are relatively
good for C,HpN.O4 explosives. It was shown that the overall percent RMS error in the
predicted detonation temperatures of C,HpyN.Og4 explosives is higher for the JCZS-EOS
and BKWR-EOS than for the BKWS-EOS. Suéeska uses EXPLO5 with BKW-EOS for the
gaseous detonation products and Cowan—Fickett’s equation of state for solid carbon
to calculate the detonation parameters at the CJ point [11]. He compared the values
of the detonation temperature at the CJ point calculated by EXPLO5 to the measured
values, which are given in Fig. 2.4. As is shown in Fig. 2.4, a good agreement exists
between them (about 5%). In other research work, it was found that the values for
the detonation temperature which were calculated by applying the BKWR-EOS set of
constants are lower than those obtained experimentally, with a mean difference of
about 550 K (about 20 %) [35].
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Fig. 2.4: Comparison of the calculated and measured values of the detonation temperature for sev-
eral CgHpN Oy explosives by EXPLO5 using BKW-EOS [11].
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2.2.2.2 The use of heat capacity

For calculation of the detonation temperature in this approach, it is assumed that the
explosive at an initial temperature T; is converted to gaseous products which are also
at T;. The temperature of these gaseous products is then raised to the detonation (ex-
plosion) temperature Tget by Q<’:let’ where

Q('iet = z njAsH 9(detonation product); — AcH e(explosive).

Thus, the value of Tqet depends on the value of Qqget and on the separate molar heat
capacities of the gaseous products as follows:

Tdet
Qe = J Z n;Cy(detonation product); dT, (2.3)
Ti

where Cy(detonation product); and n; are the molar heat capacity at constant volume

and the number of mole of the j-th detonation product, respectively. In using this equa-

tion, several points should be considered.

(1) The values of Cy(detonation product); for various gaseous products are a func-
tion of temperature. Since the heat capacities of the gaseous products vary with
temperature in a nonlinear manner, there is no simple relationship between tem-
perature and Cy(detonation product) ;. Thus, the tabulated mean molar heat ca-
pacities of gaseous products at various temperatures can be used for this purpose.
The rise in temperature of the gaseous products is calculated by dividing the heat
generated Q(’iet by the mean molar heat capacity of the gases at constant volume
according to

Q:iet

- Y njCy(detonation product);

Tqet (2.4)

(2) Since the molar heat capacities at constant pressure as a function for gaseous
products are more readily available in the literature (e.g. from the NIST Chemistry
WebBook) than Cy(detonation product);, the approximate detonation tempera-
ture can be obtained by

!
Qdet

_ ! +Ti, (2.5)
Y njCp(detonation product);

Tdet,app =

where Cp(detonation product); are the molar heat capacities of the products at
constant pressure.

(3) When using the heat capacity method, it is essential to know the detonation prod-
ucts. Suitable which can be used for this purpose methods are given in Section 1.2.
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2.2.2.3 Empirical methods

Computer codes require expert users and appropriate EOSs for calculation of the deto-
nation temperature, as well as the availability of the desired computer code. Moreover,
the use of the heat capacity has some limitations, such as knowledge of the decom-
position products and the ability to write a computer program on the basis of the heat
capacity of the products as a function of temperature. Several empirical methods have
also been introduced to evaluate the detonation temperature of C,HyN.O4 high explo-
sives on the basis of their heat of formation and molecular structures.

The condensed phase heat of formation

It was shown that on the basis of the decomposition products of equation (1.11), the
detonation temperature of a high explosive with the general formula C,HyN Oy is ob-
tained on the basis of the following four conditions [36]:

AtH® (explosive) — 529.4d
0.01095a - 0.1132b + 0.01335¢ - 0.09910d
withO<a-d (a)

AsH? (explosive) — 943.4a + 1230d
-0.1914a + 0.05967b + 0.01687c + 0.2224d
With0>a—dand0<§—d+a (b)
Taet = Ti + 3 (2.6)
AtHO (explosive) — 172.46a — 20.58b + 283.0d
0.01219a + 0.01584b + 0.01866¢ + 0.02530d

withd-a-2>0and0<2a-d+2 (©)

AtH (explosive) + 625.2a — 142.8b
0.05905a — 0.04381b + 0.01866¢ + 0.02036d
with0>2a—d+§ (d)

For example, let us consider the use of equation (2.6) for the calculation of PETN with
formula CsHgN;0q, andAsH?(PETN) = —538.48 kJ/mol (Appendix). Since the condi-
tion of equation (2.6) (c) is satisfied for PETN, Tgqe¢ is calculated as

AgH? (explosive) — 172.46a — 20.58b + 283.0d
0.01219a + 0.01584b + 0.01866¢ + 0.02530d

N 74.8 -172.46(5) — 20.58(8) + 283.0(12)
0.01219(5) + 0.01584(8) + 0.01866(4) + 0.02530(12)

=3532K.

Taet = Ti +

=298
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Gas phase heat of formation

As was shown in Section 1.3.1.1, the linear combination of the elemental composition
of the explosive and the estimated standard gas phase heat of formation of the explo-
sive, AfH?(g) can be used to derive two reliable correlations for obtaining the heats
of detonation of aromatic and nonaromatic explosives. It was shown that crystal ef-
fects can also be excluded for determining the detonation temperature in this manner
[37, 38] because the crystalline heat of formation can be correlated with the gas phase
heat of formation for some classes of explosives [39]. Since it can be stated very approx-
imately that the detonation temperature is proportional to the heat of detonation, the
results indicated that the following equations can be used to predict the detonation
temperature of aromatic and nonaromatic explosives [40]:

(950.8a +12.3b+1114.9¢ + 1324.5d)

+0.287[AsH?(g) of explosive]
(Tget)aromatic = | =75.8 + - X 103, 2.7
formula weight

of explosive

(—1513.9a —-196.5b - 2066.1c - 2346.2d)

+0.287[AsH?(g) of explosive]
(Tdet)nonaromatic = | 149.0 + - x 103.
formula weight

of explosive

(2.8
These equations provide a simple method for the estimation of the detonation tem-
perature of pure explosives, which require as input information only the elemental
composition and heat of formation of the explosive in the gas phase, which can be
calculated using quantum mechanical, group additivity, and empirical methods [17].
To demonstrate the application of this method for aromatic and nonaromatic high
explosives, the explosives Hexanitrohexaazaisowurtzitane (HNIW or CL 20) and hex-
anitrostilbene (HNS) with the formulas C¢HgN1,012 and Cy4,HgNgO1, respectively, will
be considered here. As was given in Section 1.3.1.1, the predicted AtH?(g) values for
CL 20 and HNS are 500 and 150 kJ/mol, respectively. Thus, the use of these values in
equations (2.7) and (2.8) gives the following detonation temperatures for the aromatic
and non-aromatic explosives, HNS and CL-20 respectively:

(950.8(14) +12.3(6) + 1114.9(6))

+1324.5(12) + 0.287(150)

(Tdet)aromatic = | =75.8 + 450.23 x 103

=4185K,
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(—1513.9(6) -196.5(6) - 2066.1(12))

-2346.2(12) + 0.287(500)

T, ic = | 149.0 10°
(Tdet)nonaromatic 9.0 + 438.18 X

=5072K.

The predicted detonation temperatures for HNS and CL 20 are consistent with the cor-
responding values of Qget[H20(1)] given in Section 1.3.1.1.

Structural parameters

All of the chemical bonds present in the reacting molecules are broken in the detona-
tion process and the reactive species recombine to form stable products. The ratio of
oxygen to carbon and hydrogen is important for obtaining a high or low detonation
temperature. The presence of some structural parameters, such as specific functional
groups, may also affect the value of the detonation temperature. It was shown that
the following equation can supply a suitable pathway for predicting the detonation
temperatures of high explosives with the general formula C,H,N:O4 [41]:

Tdet = 5136 —190.1a - 56.4b + 115.9¢ + 148.4d — 466.0(d/a)
- 700.8(b/d) — 282.91NH, , (2.9)

where nyy, is the number of -NH, and NH; moieties in the energetic compounds. This
equation provides the simplest empirical procedure for the estimation of the detona-
tion temperature. For example, application of equation (2.9) for TACOT (2,4,8,10-Tetra-
nitro-5H-benzotriazolo[2,1,a]-benzotriazol-6-ium, hydroxide, inner salt) with formula
C12H4NgOg is given as follows:

Tget = 5136 —190.1(12) — 56.4(4) + 115.9(8) + 148.4(8) — 466.0(8/12)
—700.8(4/8) - 282.9(0)
= 4083 K.

The predicted detonation temperature for TACOT using a computer code with BKWR-
EOS and BKWS-EOS is 3330 and 4040 K, respectively. As was previously mentioned,
the BKWS-EOS gives better predictions for detonation temperature of high explosives.
Therefore, the calculated detonation temperatures using this empirical method are
close to those obtained by complex thermochemical codes using appropriate equa-
tions of state.
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2.2.2.4 Asimple pathway for the prediction of the detonation temperature

of a mixture of explosives
Since explosives can be used in mixed compositions in order to optimize their perfor-
mance, it is possible to use the data for the pure explosives to estimate the detonation
temperature for a mixture of explosives. It was shown that the following equation is
the simplest way to obtain acceptable results [40]:

Tdet,mix = Z Xj Tdet,j (2.10)
j

where x; is the mole fraction of the j-th component in the mixture of explosives.
For example, pentolite-50/50 comprises a mixture of 50% PETN and 50% TNT
(C2,33H2_37N1.2903_22). The calculated AfHe(g) values for TNT (C7H5N306) and PETN
(CsHgN40yp) are 3 and -457.7 kJ/mol from the NIST Chemistry WebBook [20] in which
Benson’s group additivity method can be used [19], respectively. Therefore, the value
of the detonation temperature for this binary mixture can be obtained according to

950.8(7) + 12.3(5) + 1114.9(3)
+1324.5(6) + 0.287(3)

. 3
(Tdet)aromatic 75.8 + 227.13 x 10
=3492K,
-1513.9(5) — 196.5(8) — 2066.1(4)
T 149.0 —2346.2(12) + 0.287(-457.7) 107
(Tdet)nonaromatic = U+ 316.14 X
=4470K,

Tdet,mix = XTNT(Tdet)TNT + XPETN(Tdet)PETN

50 50
_ ( 27.13 ) (3492) + (316—14> (4470) = 3901K.
+

50 + 50 50 50
227.13 316.14 227.13 316.14

The calculated detonation temperature of PENTOLITE using a computer code employ-
ing the BKWR-EOS and BKWS-EOS is 3360 and 4030 K, respectively. As was mentioned
before, BKWS-EOS gives better predictions for the detonation temperature of high ex-
plosives. Thus, the calculated detonation temperatures using this empirical method
are close to those obtained using complex thermochemical codes using the appropri-
ate equation of state.
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Summary

Different approaches have been reviewed for the calculation of the adiabatic flame
temperature, combustion temperature, and detonation temperature for the combus-
tion of fuel with air, deflagration of a propellant, and detonation of high explosives,
respectively. For calculation of the detonation temperature, it is important to use ap-
propriate EOS for the gaseous detonation products such as the BKWS-EOS in order
to obtain reliable predictions. For C,HpN.O4 explosives, several empirical methods
have been discussed for calculation of the detonation temperature. These empirical
methods are the simplest methods for the evaluation of the detonation temperature.

Questions and problems

Hint
The necessary information for some problems are given in the Appendix.

(1) Indesigning a new explosive, how is it possible to increase its detonation temper-
ature by considering the condensed phase heat of formation?

(2) Calculate the detonation temperature of COMP C-3 using equation (2.6).

(3) Ifthe gas phase heat of formation of ABH is 47.9 kcal/mol, calculate its detonation
temperature on the basis of equations (2.7) or (2.8).

(4) Calculate the detonation temperature of Cyclotol-70/30 using equation (2.9).

For answers and solutions, please see p. 94
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During the detonation process, an explosive undergoes chemical reactions at very
high speed which produces a shock wave or a detonation wave. As the chemical reac-
tion is initiated instantaneously, high temperature and pressure gradients are gener-
ated at the wave front. The chemical reactions reinforce propagation of the detonation
wave through the explosive. The detonation velocity is the velocity with which deto-
nation waves travel through an explosive. It is the basic performance property which is
afunction of the energy produced by an explosive decomposition. The standard hydro-
dynamic theory for computing the detonation velocity of an explosive is independent
of the chemical reactions which occur, and is concerned only with the amount of en-
ergy liberated and the nature of the end products.

The detonation velocity is a characteristic of each individual explosive and is not
influenced by external factors if (i) the density of the explosive is at its maximum value
and (ii) the explosive is charged into columns which are considerably wider than the
critical diameter, i.e. the minimum diameter which is able to transmit the detonation.
The value of the detonation velocity increases, with increasing density of packing of
the explosive in the column.

3.1 Chapman-Jouguet (C-)) theory and detonation performance

During the dynamic action of the shock wave on the explosive, a thin layer of the ex-
plosive is compressed from the initial (loading) density, po, to higher density, p1, in
accordance with the shock (or Hugoniot) adiabatic curve for a given explosive. Under
these conditions, the initial pressure, Py, and temperature, Ty, increase to higher pres-
sure, P1, and temperature, T1, in the compressed explosive layer where consequently
initiation of the chemical reactions takes place. After completion of detonation reac-
tion, the density, pressure and temperature reaches the values p,, P,, and T,. This
situation corresponds to the point lying on the shock adiabatic curve for the detona-
tion products where they expand isentropically into the surrounding medium. For the
steady-state model of detonation, it can be assumed that the points (pg, Po, To),
(p1, P1, T1), and (p2, P,, T>) lie on one line that is called the Rayleigh or Michelson
line. The detonation velocity of a given explosive can be used to determine the slope
of the Rayleigh line. As shown in Fig. 3.1, the Chapman-Jouguet (C-J) point corre-
sponds to the end of the chemical reactions where the Rayleigh line is a tangent to the
adiabatic shock of the detonation products at this point.

DOI110.1515/9783110521863-005
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Fig. 3.1: Adiabatic shock of the explosive and its detonation products in the case
of steady detonation.

3.2 Ideal and nonideal explosives

There is a continuing need for the ability to be able to reliably predict the detonation
velocities and other detonation parameters. The C-J theory has traditionally been
used for this purpose since thermodynamic equilibrium of detonation products is
reached instantaneously. Thus, an ideal explosive is one in which its performance
can be described adequately for engineering purposes by steady-state detonation
calculations using appropriate EOSs. Ideal explosives should show a short reaction
zone and have small failure diameters which are suitable for practical applications.
In contrast to ideal explosives, non-ideal explosives are often poorly modeled by
the C-J theory, because they have slow chemical reaction rates with respect to the
hydrodynamic time scale. The C-]J assumption of instantaneous thermodynamic
equilibrium breaks down, so that the detonation velocity of non-ideal explosives
varies sharply from the C-J values.

A nonideal explosive has significantly different detonation properties than those
predicted by some computer codes such as BKW [12], CHEETAH [29], and EXPLO5
[11, 35] which use empirical equations of state such as BKW-EOS [31] and Jacobs—
Cowperthwaite—Zwisler (JCZ-EOS) [42]. Two important characteristics of nonideal ex-
plosives include a high degree of inhomogeneity and the secondary exothermic reac-
tions occurring in the detonation products expanding behind the detonation zone. For
practical applications, ideal explosives should have short reaction zones and small
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failure diameters. Detonation velocities can typically be measured to within a few
percent at various charge diameters. Since the measured results are a function of the
charge diameters, the measured data are extrapolated to an infinite diameter for com-
parison with steady state calculations. The results of equilibrium, one-dimensional.
and steady-state calculations are significantly different from the detonation proper-
ties of nonideal explosives. Since the amount of reacted explosive may be a function
of the reaction zone length, physical separation of the fuel and oxidizer in nonideal
explosives results in extended chemical reaction zones. Diffusion may also play a ma-
jor role in the measured values of the detonation properties of nonideal explosives.
For predicting the detonation properties of non-ideal explosives via a computer code,
the partial equilibrium as a simple approximation can be used instead of a complex
reaction mechanism.

Explosive nitrate salts and aluminized composite explosives are well-known ex-
amples of nonideal explosives. Ammonium nitrate (AN) and aluminum based explo-
sives have been widely used as industrial and military explosives. AN is used in ANFO
(ammonium nitrate and fuel oil), emulsion explosives and Amatol (a mixture of TNT
and AN). Since their detonation velocities do not easily reach the theoretically pre-
dicted values given by well-known thermochemical computer codes: they show non-
ideal behavior. For most practical conditions these explosive will not achieve the ideal
behavior which is predicted by thermodynamic theory. For AN based explosives, their
nonideal behavior can be explained by the low decomposition rate of AN. This situa-
tion provides a wide reaction zone where the decomposition reactions can be extin-
guished by lateral heat loss and refraction waves. AN is one of the major components
of most nitrate-based explosives and has a large value for the minimum diameter and
relatively small value for the critical diameter. For most practical conditions, AN will
never reach the ideal behavior which is predicted by hydrodynamic theory [31]. Due
to either complete reaction or no reaction of AN with the reaction products, the differ-
ences found between the observed and calculated performance mean that AN based
explosives can be classified as non-ideal explosives. If some percentage of AN is as-
sumed to decompose and the rest remains intact, the measured detonation velocity
can be reproduced by a thermochemical computer code [12]. For example, it was found
that the experimental values for the detonation velocities of Amatex and Amatol can
be reproduced by the BKW computer code, if 50 and 19 % of AN in them decomposes,
respectively [12]. Various detonation temperatures can be assumed to be the cause
of different amounts of AN decomposition, because at higher temperatures more AN
decomposes in the explosive. Since aluminum powder is a combustible high energy
material, adding aluminum to explosives would result in even longer reaction time
as well as an increase in the reaction temperature. Finely dispersible powders of alu-
minum are used to increase the explosive performance. Aluminum can increase the
heat of explosion. Moreover, aluminum enhances air blast, increases the bubble ener-
gies in under water weapons, raises the reaction temperature, and creates incendiary
effects. Since the combustion of aluminum particles in explosives occurs behind the
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reaction front during the expansion of the gaseous detonation products, aluminum
particles do not participate in the reaction zone, but act as inert ingredients. It is not
clear what degree of aluminum is oxidized at the C-J point for a mixture of high ex-
plosives with aluminum. Thermodynamic calculations of detonation parameters in
thermochemical computer codes are carried out by assuming a certain degree of oxi-
dation of aluminum. Powdered aluminum appears to be completely reacted near the
C-J point, whereas powdered AN does not. Both aluminum and AN increase the heat
of detonation as they react, but aluminum raises the temperature of the products,
whereas AN lowers it. Since the product molecules from the burning of aluminum are
Al,0O5 - but for AN are H,0 and N, — the particle density of the detonation products
of AN increases, whereas aluminum produces products that lower it. Increasing par-
ticle density can shift the energy from the thermal to intermolecular potential. Since
the decomposition of AN lowers the temperature, this situation determines how much
AN is decomposed near the C-] point. Meanwhile, the burning of aluminum raises the
temperature, which increases the burn-rate of aluminum.

3.3 Measurement of the detonation velocity

Different methods can be used to determine the detonation velocity based on the mea-
surement of the time interval needed for the detonation wave to travel a known dis-
tance through the explosive being tested. The simple method of Dautriche can be used
to obtain a rough estimation of the detonation velocity [43] and does not require the
use of any special and costly instruments. The accuracy of this method is relatively
good and is within about 4.5 % [43].

As shown in Fig. 3.2, the detonation reaction sets off the two arms (probes) of the
detonating fuse which are embedded at a fixed distance in the cartridge. After initi-
ation of the detonation, the detonating fuse has two waves traveling in the opposite
direction. These two waves meet at a point, and the collision is marked on a lead or
aluminum plate, where the following equation is used to measure the detonation ve-
locity:

L
Dget(explosive charge) = Dge¢(detonating fuse) x 5o (3.1)

where Dget (explosive charge) is the detonation velocity of the explosive being tested
in m/s, Dqet (detonating fuse) is the detonation velocity of the calibrated detonating
fuse used in the test in m/s, A is the distance between the mark on the witness plate
and center of the detonating fuse in cm, and L is the length between the probes in cm.
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Fig. 3.2: Dautriche method for measuring the detonation velocity.

Optical and electrical methods are two conventional approaches used to determine

the detonation velocity. Several conventional methods can be used to determine the

detonation velocity, which include

(i) optical methods,

(ii) electronic counter and velocity probes techniques,

(iii) oscilloscope and velocity probes technique,

(iv) probe for the continuous determination of the detonation velocity and oscillo-
scope technique,

(v) optical fibers as velocity probes.

Details of these methods have been reviewed elsewhere [43].

For explosives it is common to measure detonation velocities of the materials at
nominal composition and density under ambient conditions in large charges [1]. To
calculate detonation velocities under other conditions, specific equations have been
developed as a function of the composition and density of the explosive, charge di-
ameter, and temperature [9]. It should be mentioned that the critical diameter is the
minimum diameter of an explosive charge at which detonation can still take place.
The critical diameter is strongly texture-dependent, so that it is larger in cast than in
pressed charges. Moreover, finely dispersed gas inclusions considerably reduce the
critical diameter. For very insensitive materials such as AN, the critical diameter may
be very large.
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3.4 Prediction of the detonation velocity of ideal explosives

Amongst the many different detonation parameters, the detonation velocity is one of
the salient performance parameters for high explosive molecules and formulations.
It is important to have suitable methods for the quick estimation of this parameter,
because the detonation velocity helps in selecting, tailoring and understanding the
behavior of explosives in terms of blast overpressure, fragmentation, penetration and
other expected end-effects. These methods can help chemists to design new explosive
molecules — from the myriads of possible combinations of elements — as target futur-
istic molecules. As is the case for other detonation parameters, many computer codes
such as BKW [12], CHEETAH [29], and EXPLO5 [11, 35] have been developed for the cal-
culation of the detonation velocity. Although thermochemical codes are extensively
used, they have some limitations such as tedious preparation of the input file, the re-
quirement of a computer, cost of the codes, and other requirements. Fortunately, there
are many empirical correlations for predicting the detonation velocity, where ease of
hand calculation makes these empirical correlations useful. These empirical relations
can provide a suitable pathway for the prediction of the detonation velocity of existing
molecules and compositions, as well as for futuristic formulations. They are based on
a statistical analysis of the behavior of existing explosives using certain physical and
chemical parameters as input. They usually use the molecular formula of the explo-
sive along with the density, heat of formation, and some specific functional groups
or molecular moieties. There are several reviews in which these empirical methods
have been demonstrated or compared [17, 44-46]. Shekhar [47] compared the pre-
dicted detonation velocities of five empirical methods for several conventional and
new ideal C,HyN.O4 explosive molecules. Since there are many empirical methods
in the literature for the prediction of the detonation velocity, some empirical meth-
ods that have wider application and more reliable outputs are introduced here. The
available empirical methods can be categorized as a function of different variables:
(i) loading (initial) density, element compositionk and the condensed phase heat of
formation of pure or composite explosives;
(ii) loading density, element composition, and the gas phase heat of formation of the
pure component;
(iii) loading density and molecular structures of the high explosive;
(iv) maximum attainable detonation velocity.

These methods are reviewed in the following sections.
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3.4.1 Detonation velocity as a function of the loading density,
element composition, and the condensed phase heat of formation
of pure and composite explosives

Most of the available correlations belong to this category, and among the many differ-
ent methods, two reliable methods are reviewed here.

3.4.1.1 Kamlet and Jacobs (K-J) Method

Kamlet and Jacobs (K-J) [5], as well as Kamlet and Hurwitz [48] used equations (1.5)
and (1.10) to obtain the following correlation for the detonation velocity for C,H,N.O4
explosives at loading densities above 1g/cm> as

Dyet = 3.9712(1gy5)°° (M gas Qaet[H20(2)])*** (1 + 1.3po), (2

where Dget is in km/s, n{gas is the number of moles of gaseous detonation products per
gram of explosive, My, is the average molecular weight of the gaseous products in
g/mol, Qqet[H20(g)] is in k]/mol, and py is the initial density in g/cm>. Equation (3.2)
confirms that for individual explosives, the experimentally measured values of the det-
onation velocity are linear with respect to py. A list of energetic materials containing
C,HpN.O,4 explosives, as well as their compositions and the corresponding condensed
phase heat of formation is given in the Appendix. The detonation velocity of HMX is
now calculated as an example. The values of ng,; and My, are calculated on the
basis of equation (1.10) (a) as

C4H8N808 — 4N, + 4H,0 + 2CO; + 2C,

n [T’IN2 +I’lH20+nco2] _ (4+4+2]
8§85 formula weight of HMX 296.15
=0.03378,

[4Mwn, + 4MwH,0 + 2Mwco,]

[nn, + nm,0 + Nco, ]
_ [4x28.01+4x18.02+2x44.01]
B [4+4+2]

ngas =

=27.21.

The value of Qget[H>0(g)] for HMX was calculated in Section 1.2.1, and is equal to
6.18kJ/g. Since the crystal density of HMX is 1.89 g/cm?, the use of these values in
equation (3.2) provides a calculated detonation velocity of HMX as
Dyget = 3-9712(Yl'gas)0'5(MWgastet[Hzo(g)])0'25(1 +1.3po)
=3.9712(0.03378)%%(27.12 x 6.18)%-2°(1 + 1.3 x 1.89)
=9.09 km/s.

The calculated detonation velocity is close to experimental value which is 9.11km/s
[31].
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3.4.1.2 Development of the K-} method for C;H,N O4F.Cls explosives

It was recently shown that the decomposition paths given in equation (1.11) can be
used to predict the detonation velocities of C,HpN.O4F.Clf explosives at loading den-
sities above 0.5 g/cm? since [49]

Daet = 5.5204(ngy5)*® (Myygas Qaet[H20(8)]) %> po + 1.97. (33)

Equation (3.3) has several advantages over equation (3.2).

(i) It can be used for those explosives containing fluorine or chlorine atoms in their
composition.

(ii) It can be applied to loading densities less than 1g/cm?.

(iii) It was shown that equation (3.3) gives more reliable predictions for explosives
containing fluorine or chlorine atoms. For C,HyN.O4 explosives, the reliability
of equations (3.2) and (3.3) is the same.

For HMX at a loading density of 1.89 g/cm?, the values of n{gas, ngass and Dget
are calculated on the basis of equation (1.11) (c), as well as the calculated value
Qqet[H,0(g)] = 5.02k]J/g (Section 1.2.1) as

C4HgNgOg — 4N, + 4H,0 + 4CO,

ol - [nN, + nH,0 + Ncol _ (4 + 4+ 4]
§85  formula weight of HMX 296.15
=0.04052,

[4Mwn, + 4Myh,0 + 4Mwco]

[nN, + N0 + Nco]
_ [4x28.01+4x18.02+4x28.01]
- 4+ 4+ 4]

ngas =

=24.68,

Daet = 5.5204(Ngy5)° (Mwgas Quet [H20(8)]) > po + 1.97
= 5.5204(0.04052)%(24.68 x 5.02)%25(1.89) + 1.97
= 8.98km/s.

The calculated detonation velocity from equation (3.3) is also close to the experimental
value which is 9.11 km/s [31].
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3.4.2 Detonation velocity as a function of the loading density,
element composition, and the gas phase heat of formation
of the pure component

A simple correlation has been recently introduced to calculate the detonation velocity
of C4H,N.O4 explosives as follows [50]:

formula weight of explosive G4)

-2. .32b +27. . .292A¢H"
. 1_90+< 97a +9.32b + 27.68¢ + 98.9d + 0.292A¢ (g))p0
This correlation has several advantages over equation (3.2).
(i) Equation (3.4) only requires the gas phase heat of formation of the explosive,
rather than the condensed phase heat of formation.
(ii) Itis a very simple method because it only requires the elemental composition.

(iii) It can be used for loading densities which are less than 1 g/cm?.

As was seen in Section 1.3.1.1, the values of AfH?(g) for CL 20 (C¢HgN1,012) and HNS
(Ci14HgNgOq;) are 500 and 150 kJ/mol, respectively. Thus, inserting these values in
equation (3.4) gives the following detonation velocities for CL-20 (pp = 2.04 g/cm?)
and HNS (pg = 1.70 g/cm?):

-2. .32 27. 12 . 12 .292
Ddet:1~90+< 97 x6+9.32x6+27.68%x12+98.9%x12+0.29 X500>(2.04)
438.18
=9.84km/s,
-2. 1 32x6+27.68%x6 8. 12 +0.292 x 150
Ddet:1-90+< 97 x 14 +9.32x 6 + 27 x6+98.9%x12+ 92 x 15 >(1.70)
450.23
=7.23km/s.

These calculated values are close to the measured detonation velocities of CL 20
(9.40 km/s [51]) and HNS (7.00 km/s [31]).

3.4.3 Detonation velocity as a function of the loading density
and molecular structures of high explosives

It has been shown that the molecular structures of C;HyN.O4 explosives can be used
to predict the detonation velocity according to [52]

Dget = 1.6439 + 3.5933p¢
—0.1326a - 0.0034b + 0.1206¢ + 0.0442d
- 0.2768n_NRR’, (3-5)

where n_ygy is the number of -NH,, NH;, or [:)« groups. This correlation is very sim-
ple but it has two limitations:
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(i) Deviation from the experimental data increases with increasing addition of
nonenergetic additives — as in the case of explosive mixtures.

(ii) This correlation cannot be used for highly or over oxidized explosives such as
TNM, as well as mixtures of them with other components, e.g. LX-01.

For PBX-9501 containing 95/2.5/2.5 HMX/Estane/EDNPA-F (C147H.86N2.6002.69) with a
loading density of 1.84 g/cm?, the calculated detonation velocity using equation (3.5)
can be obtained as follows:
Dget = 1.6439 + 3.5933 x 1.84
-0.1326 x 1.47 — 0.0034 x 2.86 + 0.1206 x 2.60 + 0.0442 x 2.69
-0.2768 x0
= 8.48 km/s.

The estimated detonation velocity is close to the experimental value of 8.83 km/s [53].

3.4.4 Maximum attainable detonation velocity

There are two methods which can be used for the prediction of the detonation velocity
at maximum loading — or at the theoretical maximum density. These methods calcu-
late a value for the maximum attainable detonation velocity of pure and composite
ideal explosives, and are reviewed here.

3.4.4.1 Rothstein and Peterson’s method

Rothstein and Peterson [54, 55] introduced a method suitable for the calculation of the
detonation velocity at the theoretical maximum density of the explosive (Dget,max) for
CqHpNO4F, explosives. For ideal explosives, a relationship exists between Dget, max
with the chemical composition and structure of the high explosive:

{ 181.82 [c +d+e— b=n@®F) | AB _ n®/F) _ n(C=0) _ n(C=0) _ n(NO;)] }
: 2d 4 -G

3 T .75 25 5
formula weight of explosive

Ddet,max =

-0.473, (3.6)

where n(HF) is the number of hydrogen fluoride molecules that can possibly be formed
from the available hydrogen, n(B/F) is the number of oxygen atoms in excess of those
necessary to form CO;, and H,0 and/or the number of fluorine atoms in excess of those
required to form HF, n(C=0) is the number of oxygen atoms doubly bonded directly
to carbon, n(C-0) is the number of oxygen atoms singly bonded directly to carbon,
n(NOs) is the number of nitrate groups existing as a nitrate ester, or as a nitric acid
salt such as hydrazine mononitrate, G is equal to 0.4 for liquid explosives and O for
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solid explosives, and finally AB is equal to 1 for aromatic compounds and otherwise it

is given the value 0. The relation w is 0if d = 0, or if n(HF) > b. For example,

the calculated Dget,max of HMX can be calculated as follows:

Ddet,max =

8-0 0] 0 0] 0 [0)
181.82[8+8+0-50+9- ;% -0 -9_0
296.15

=9.04km/s.

The value for the detonation velocity calculated using equation (3.6) is close to exper-
imental value of 9.11 km/s [31].

3.4.4.2 The use of elemental composition and specific structural parameters

It was shown that it is possible to develop a simple and more reliable method for the
prediction of Dget,max than that of Rothstein and Peterson’s [54, 55]. This methods is
as follows [56]:

Dget,max = 7.678 - 0.1977a - 0.1105b + 0.2940c + 0.0742d
—-0.6347nyR - 0.7354nyN, (3.7)

where nyg is the number of -N=N- groups or NH] cations in the explosive, and nmn
is the number of nitro groups attached to carbon in nitro compounds in which a = 1.
Equation (3.7) can be easily applied to pure and composite explosives. For example,
using equation (3.7) for LX-01, with the composition 51.7/33.2/15.1 NM/TNM/1-Nitro-
propane (Cy.5pH373N1.690339), gives a value forDget, max according to

Dget,max = 7.678 - 0.1977 x 1.52 - 0.1105 x 3.73 + 0.2940 x 1.69 + 0.0742 x 3.39
- 0.6347 x0-0.7354x 4x0.332
=6.74km/s,

which can be compared to the measured value of LX-01 at a maximum loading density
of 1.24 g/cm? of 6.84 km/s [31].

3.4.5 Comparison of empirical correlations with computer codes

Elbeih et al. [57] measured the detonation velocity of bicyclo-HMX (cis-1,3,4,6-tetra-
nitro-octahydroimidazo-[4,5-d] imidazole or BCHMX) as a plastic explosive bonded
with the C4 matrix and with Viton A. They have also measured the detonation veloc-
ities for a series of nitramines, namely RDX, HMX, and CL 20 with the same types of
binders. They have used the CHEETAH [29] and EXPLO5 codes [11, 35] with those equa-
tions of state (EOSs) that provide predicted detonation velocities which are in good
agreement with those obtained from experimental data. They applied the BKWS-EOS
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Tab. 3.2: The computed outputs using the computer code EXPLO5 and several empirical methods for
several new explosives [58].

Explosive Formula A¢HO (explosive) po Dget (km/s)
3
(ki/mol) (8/c™°)  ExpLOo5 K-) Eq.(3.3) Eq.(3.5)
5-Nitrotetrazol-  C3H;NgO- 495.86 1.747 8.36 7.98 8.15 8.33

2-ylacetonitrile

5-(5-Nitrotetra-  C3HsNoO3  297.84 1.796 8.34 8 8.01 8.9
zol-2-ylmethyl)
tetrazole mono-

hydrate

5-(5-Nitrotetra-  C3H3NgO,  549.7 1.802 8.68 8.05 8.17 8.88
zol-2-ylmethyl)

tetrazole

Ammonium C3HgN1pO3 128.15 1.594 7.66 7.12 6.97 8.29

5-(5-nitrotetra-
zol-2-ylmethyl)
tetrazolate
monohydrate

Ammonium C3HgN19O, 382.9 1.601 7.86 7.2 7.24 8.27
5-(5-nitrotetra-

zol-2-ylmethyl)

tetrazolate

Guanidinium C4HgN12,0,  567.2 1.642 8.06 7.33 7.44 8.52
5-(5-nitrotetra-

zol-2-ylmethyl)

tetrazolate

Amino- C4H9N430, 615.7 1.633 8.2 7.35 7.45 8.61
guanidinium

5-(5-nitrotetra-

zol-2-ylmethyl)

tetrazolate

and the BKWN-EOS set of parameters for the CHEETAH [29] and EXPLO5 codes [11, 35],
respectively. They froze the composition of the detonation products at a temperature of
1800 K on the isentrope beginning at the C-J point. Table 3.1 compares the outputs of
the computer codes and several empirical methods with the experimental data for the
explosives mentioned above. Table 3.2 also shows the calculated detonation velocities
for equations (3.2), (3.3), and (3.5), as well as the computed results obtained using the
EXPLO5 code [11, 35] using the BKWN-EOS for several new explosives which have a
high nitrogen content, and for which the experimental data of the condensed (solid)
phase of formation were available.
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3.5 Estimation of the detonation velocity of nonideal explosives

Although aluminum and AN are widely used in military and commercial explo-
sives, assessment of their detonation performance is difficult. In computer codes,
the amount of initial AN and aluminum that is assumed to react can be specified
by invoking their partial equilibrium [31]. For example, inert Al atoms that can only
form solid, liquid, or gaseous Al can be included in the product species data base
[31]. This situation prevents the reaction of aluminum with oxygen or other reactive
species. Increasing the number of gaseous products and decreasing the amount of
condensed carbon can be improved by prevention of the formation of Al,05. Thus,
the detonation velocity increases with increasing gas yield. If complete equilibrium
is assumed, a higher amount of condensed Al,0s5 is produced, because this situa-
tion forces oxygen to react with aluminum rather than carbon. On the oxidation of
aluminum, increased temperature produces a hot, fuel-rich gaseous phase and more
solid carbon, because the high temperature is a result of the large negative heat of
formation of Al,0s. Besides computer codes, there are several empirical methods for
the prediction of the detonation velocity of nonideal aluminized and nitrated salt
explosives. Among these methods, several methods that have wider applications in
different formulations are reviewed here.

3.5.1 Detonation velocity of ideal and nonideal explosives as a function
of the loading density, element composition, and the condensed phase
heat of formation of pure or composite explosives

It was recently shown that the decomposition paths given in equation (1.11) can be ex-
tended to also consider the detonation products of ideal C,HpN.O4F.Cls explosives as
well as nonideal aluminized and AN explosives in order to allow calculation of the det-
onation velocity [59]. Equation (3.8) shows the appropriate decomposition paths for
various explosives with the general formula C;HpN:O4FClfAlg(NH4NO3)p, in which
the percent participation of aluminum and AN in these reactions depends on the oxy-
gen content of the other ingredients. Some of the aluminum will react with oxygen-rich
detonation products such as H,0 to form Al,05. Some of the AN decomposes to pro-
duce N,, H,0, and O,, and the oxygen molecules which are produced can react with
oxygen-deficient detonation products. As in equation (1.11), it was also assumed that
all nitrogen is converted into N,, fluorine to HF, chlorine to HCI, while a portion of
the oxygen atoms form H,0, with carbon atoms being preferentially oxidized to CO
rather than CO,. Since the detonation velocity of an energetic compound depends on
n’gas, ngas, and Qqet[H,0(g)], the decomposition paths of equation (3.8) can control
these parameters to obtain a reliable correlation for the calculation of the detonation
velocity of ideal and nonideal explosives. A list of ideal C,H,N:O4F.Clf explosives
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as well as nonideal aluminized and AN explosives versus their compositions and the
condensed phase heat of formation are given in the Appendix:

a=b=c=d=e=f=g=0, h=1 (pure AN)

0.78 N»(g) + 1.56 H,0 + 0.39 05(g)
+0.22 NH4NOs3(s) (a)

(78 % AN reacted)

a=b=c=d=e=f=0 (AN + Al)
0.93h Ny(g) + 1.455g H,(g)
(97 % Al, 93 % AN reacted)

+(1.86h — 1.455g)H,0 + 0.465h 0,(g)
+0.485g Al;05(s) + 0.03g Al(s)
+0.07h NH4NO5(s) (b)

d<a+0.375g-0.3h

e HF(g) + fHCI(g) + (§ + 0.1h) Na(g)
+(d+0.3h-0.3752)CO(g)
+(a-d-0.3h+0.3758)C(s)

+ (2% +0.2h) Ha(g) + 0.125g AL 05(s)

+0.75g Al(s) + 0.9h NH4NO3(s) ()

(25% Al, 10 % AN reacted)

a+0.54g-0.39h<d<a+ b’;”f +0.54g8-0.78h

e HF(g) + f HCI(g) + (§ + 0.13h) Nx(g)
+aCoO(g) + (d+0.39h - a-0.54g)H,0

+ (2L -0.13h - d + a +0.54g) Ha(g)
+0.18g Al;03(s) + 0.64g Al(s)

+0.87h NH,NOs(s) )

(36 % Al, 13 % AN reacted)

(3.8)

a+287 +0.45-0.9h<d<2a+ 224 —0.9n+0.45¢

e HF(g) + fHCI(g) + (5 + 0.15h) Na(g)

+ (2% - 0.45¢) H20(g)

+ (2a -d+ b’;’f - 0.45h) CO(g)
+(d-a- "L +0.45n) CO(g)
+(0.45g + 0.3h)H,(g)

+0.15g Al;,03(s) + 0.7g Al(s)

+0.85h NH4NO3(s) (e)

(30 % Al, 15% AN reacted)

d=2a+2¢L 0.9h+0.45¢

eHF(g) + fHCI(g) + (§ + 0.15h) N, (g)
+ (2% +0.30) H,0(g) + aC0,(g)
+(4+0.075h - a- =5 - 0.225g) 05(g)
+0.15g Al,03(s) + O.7gA1(s)
+0.85h NH4NO;3(s). ()

(30 % Al, 15% AN reacted)
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Thus, it was shown that the following equation can be used to predict the detonation
velocity of ideal and non-ideal explosives with the general formula C,H,N:Og4F.Clf
Alg(NH4NO3) [59]:

Daet = 5.468(Ngas)” (M gas Quet [H20(8)])*** po + 2.05. .9)

Table 3.3 shows the calculated data for several pure and composite explosives. Equa-
tion (3.9) is an improved method of that given in Section 3.4.1.2, which can be applied
toideal C,HpN.O4FClf explosives as well as nonideal aluminized and AN explosives.

3.5.2 Using molecular structure to predict the detonation velocity of ideal
and nonideal explosives

It was found that detonation velocity of explosives containing aluminum and nitrated
salts can be given as [60]

Dget = 1.64 +3.65p0 — 0.135a + 0.117¢ + 0.0391d
- 0.295nNR,R, — 0.620my; — 141Ny, oy, (3.10)

where nyg, g, is the number of specific groups in explosives, and ”5;1 and ”ﬁo; salt are
two correcting functions which show the contribution of the number of moles of Al and
the number of moles of nitrate salt in composite explosives under certain conditions,
respectively. The specific group NR;R; includes -NH,, NHj and five membered rings
with three (or four) nitrogens in any explosive, as well as five (or six) membered rings
in nitramine cages. The value of n), is equal to the number of moles of aluminum
except its value should be corrected for the following conditions:

(i) ifd <a+0.1, then n);, = 0.75n4 + 1.00,

(i) ifd=>a+ g, then n, = ny - 0.375;

and nf\103 salt 18 equal to the number of moles of nitrate salt with the following excep-
tions:

(iii) if d < @ + 32 then njy_ ¢y = 1N, sae — 1.50,

(iv) If d = 2a + 2 then nyg 1 = 17510, salt-

To use equation (3.10) for aluminized explosives, 100 g of the explosive was used for
calculation of the detonation velocity, and the number of moles of extra aluminum in
the explosives with general formula C,H;N.O4Al, should be considered, e.g. TNT/Al
(89.4/10.6) has the formula C2.756H1.968N1.18102.362A10.3929, WhiCh, on the basis of a 100 g
mixture of TNT and Al should be Changed to the formula C3.084H2_203N1_32202_643A10_440,
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ie.

100

C: 2.756 x 394 - 3.0841;
100

H: 1.968 x % =2.203;
1

N: 1.181X% =1.322;

0: 2.362 x 394 = 2.643;

Al:  0.3929 x % = 0.440.

Thus, the detonation velocity of TNT/AI (89.4/10.6) at a loading density of 1.72 g/cm?
is calculated on the basis of condition (i) as

Dget =1.64+3.65x1.72-0.135x3.084+0.117 x 2.203
+0.0391 x 2.643 - 0.295 x 0 -0.620[0.75 x 0.44 + 1.00] - 1.41 x0
= 6.94km/s.

The predicted value is close to the measured value which is 7.05 km/s [31].
Equation (3.10) has two limitations:

(i) this new procedure cannot be used for highly over-oxidized explosives, e.g. TNM,
or for their mixtures with other components such as LX-01;

(ii) deviation from the experimental data increases with increasing use of nonener-
getic additives.

3.5.3 Maximum attainable detonation velocity of C,H,N.O4F,
and aluminized explosives

For C,H,N.O4F, and aluminized explosives, it was shown that equation (3.11) can be
used to predict Dget,max as [61]:

Ddet,max = 7-03 —0.162a — 0.0206b + 0.228¢ + 0.0714d
+0.996D¢ _0.741DP¢c (3.11)

det,max det,max’

where Dget,max is expressed in km/s; Dg};; max and Dg:fmax are two correcting functions
that increase and decrease the predicted results on the basis of a, b, c, and d by taking
into account the content of fluorine and Al. For pure and composite explosives, the

Inc Dec : : : :
values of Dyt ., and Dgee .. are given in the following sections.
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3.5.3.1 Pure explosives

g Inc
() Prediction of Dt .

(i) The value of Dgéct’max is equal to 0.8 in presence of one of the following

groups: —-NH-NO,, more than one —NNO,, nitrate derivative of hydrazine
or N-C(NO3)-N in cyclic heteroarenes.
(ii) For fluorinated aromatic compounds, D is equal to 0.5.

det,max
(iii) For explosives with b = 0, the value of DI equals 1.0.

D det,max

s ec

(b) Prediction of D et max

(i) In the presence of one —C(=0)-C(=0)- and two —C(=0)- groups, D
equals 1.75, and with one ether group, the value of DdDgf’maX is 0.7.

(ii) For explosives with a = 1, the value of Dggf max 18 €qual to the number of nitro

groups attached to carbon atom (nyo, ).

(iii) For CHNF explosives, the value of Dggtcmax is equal to 1.

(iv) The value of DdD:EmaX is 1.7 if the 1,3,5-triazine or pyrimidine rings are present

in polynitro heteroarenes.

Dec
det,max

3.5.3.2 Composite explosives
(a) Ideal explosives
(i) Nitramine composite explosives: For nitramines with one -NH-NO, or more
than one —NNO; as well as a nitrate derivative of hydrazine, the values of
D¢ depend on the weight percent of high explosives (WPHE):

det,max

(a) if WPHE > 85, then D¢ =1.1;

det,max

(b) if 50 < WPHE < 85, then D'™¢ _=0.8;

det,max

(c) if WPHE < 50, then D™ =0.0.

det,max

(i) With TNMand NM: D3¢, . = 1.0; for other liquid mixtures of TNM: DR&f . =
0.5.
(b) Aluminized explosives
(i) For nitramines with more than one —NNO,, the ratio of the number of moles
of explosive (nexp) to Al (na1) can be used to find D¢ and D2e¢

; det,max det,max*
(@) if nexp/nai > 0.13, then DdDr}imax = Nexp/NAl;
(b) if nexp/na < 0.13, then Dd:tc,max = 0.4.

(ii) For high explosives with a high enough oxygen content, i.e. d > a + b/2, the

value of Dfinect’max is 0.70.
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. : [ D
Tab. 3.4: Summary of the estimated values of D¢ and Dt o

det,max

Explosive Functional groups :1'::: max 3:: max  Condition
or structural moieties
Pure CqHpN:Oy4F. explosives
Nitramine one —NH-NO; or more 0.8 0.0 -
than one -NNO,
Nitrate derivative —
of hydrazine
Cyclic heteroarenes N-C(NO3)-N
Fluorinated aromatic fluorine attached to 0.5 0.0 -
compounds aromatic ring
Energetic compounds — 1.0 —
without hydrogen atom
Energetic compounds one -C(=0)-C(=0)- 0.0 1.75 -
contalnlnhg cfa\rbonyl two —C(=0)— 0.0 0.7 _
orone etheric groups or one etheric groups
Nitro compounds — 0.0 nno, -
with one carbon
CHNF explosives - 0.0 1.0 —
Polynitro heteroarenes 1,3,5-triazine 0.0 1.7 —
or pyrimidine ring
Mixture of high explosives on the basis of 100 g
Solid mixture
Nitramine or nitrate one -NH-NO; or more 1.1 0.0 WPHE > 85
derivative of hydrazine than one -NNO,
0.8 0.0 50 < WPHE < 85
0.0 0.0 WPHE < 50
Aluminized explosives more than one =NNO, Nexp/nal 0.0 Nexp/naL > 0.13
0.0 0.4 Nexp/Nal < 0.13
- 0.7 0.0 for explosives
withd >a+b/2
Liquid mixture
Mixture TNM and NM — 1.0 0.0 -
Mixture TNM and the other - 0.5 0.0 -

organic compound
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Table 3.4 shows a summary of the above conditions. Equation (3.11) can be used
for pure and composite C,H,N.O4F. explosives as well as for aluminized explo-
sives. Thus, the wider application of equation (3.11) with respect to equations (3.6)
and (3.7) is the main advantage of the present method. For example, the value of
Dget,max0f 74.766/18.691/4.672/1.869 TNT/Al/Wax/Graphite with the general formula
C2.79H2.31N0.9901.98Alg 60 at a loading density of 1.68 g/cm?3 is given as follows:

Dget,max = 7.03 - 0.162 x 2.79 - 0.0206 x 2.31 + 0.228 X 0.99 + 0.0714 x 1.98
+0.996 x0-0.741x0
=6.90km/s.

The predicted detonation velocity is close to the measured value of 6.50 km/s [12].

Summary

Different methods for the prediction of the detonation velocities of ideal and nonideal
explosives have been reviewed in this chapter. The best available predictive methods
have been introduced. The main difficulties lie in the uncertainty of the degree of alu-
minum and AN oxidized at the C-J point for mixture of high explosive with aluminum
and AN. For oxygen-poor explosives, it can be assumed that a small amount of alu-
minum can react with detonation products. Furthermore, a higher percentage of AN
in mixtures with oxygen-poor explosives may decrease the detonation velocity. The
methods introduced in this chapter can be used to estimate the detonation velocities
of ideal as well as of nonideal explosives to within about a few percent of the experi-
mental values from the chemical formula of a real or hypothetical mixture.

Questions and problems

Hint
The necessary information for some problems are given in the Appendix.

(1) If the measured detonation velocity of LX-10 at loading density 1.86 g/cm? is
8.82km/s,
(@) calculate its detonation velocity using equations (3.2) and (3.3);
(b) compare the percent deviation of the calculated data.

(2) Ifthe gasphase heat of formation of Oclotol-76/23is 11.15 k] /mol, use equation (3.4)
to calculate its detonation velocity at loading density 1.81 g/cm3.
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(3) Useequation (3.5) to calculate the detonation velocity of TNTAB at loading density
1.74 g/cm3.

(4) Use equations (3.6) and (3.7) to calculate the maximum attainable detonation ve-
locity of picric acid which has the following molecular structure:

OH
O.N NO

NO
(5) Useequation (3.9) to calculate the detonation velocity of TNTEB/A1(90/10) at load-

ing density 1.75 g/cm>.

(6) Use equation (3.10) to calculate the detonation velocity of AMATEX-20 at loading
density 1.66 g/cm’.

(7) Calculate the maximum attainable detonation velocity of PBXC-117 using equa-
tion (3.11).

For answers and solutions, please see p. 94
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4 Detonation pressure

Detonation pressure is one of the most important detonation parameters because
for many years it has been regarded as one of the principal measures of the perfor-
mance of a detonating explosive. It is important to predict the time-independent state
of chemical equilibrium, which is defined in accordance with the C-J condition. It is
reasonable to expect the calculated and the experimental C-] pressures to differ by 10
to 20 % because of the nonsteady-state nature of the detonation wave [12]. For non-
ideal explosives, detonation pressures are significantly different from those predicted
by equilibrium, one dimensional and steady state calculations.

4.1 Relationship between the detonation pressure and the
detonation velocity

In the detonation process, a supersonic propagation of the chemical reaction through

an explosive takes place as is shown in Fig. 4.1, According to the Zeldovich-von

Neumann-Doering (ZND) model of detonation, chemical reactions occur under the

action of a shock wave at a definite rate in the chemical reaction zone [62]. Figure 4.2

shows the detonation wave structure on the basis of the ZND model of detonation,

which includes

(a) the shock front followed by the chemical reaction zone, the so-called chemical
spike or von Neumann spike;

(b) the steady chemical reaction zone;

(c) the C-J point;

(d) the Taylor wave of isentropic expansion of the detonation products.

Due to the extreme temperature and pressure conditions, the chemical reaction of an
explosive should occur immediately at the wave front. The energy of the reaction can
maintain propagation of the shock wave. Thus, the detonation pressure can be given
at the C-J point, on the basis of the momentum balance, as follows [62]:

Pyet = poDdet WC—I» (4.0)

where Pgetis the detonation pressure, and Wy is the velocity of gaseous products
(fumes) at the C—J point. It should be mentioned that the pressure of the original explo-
sive (normally ambient) is small compared to Pget, which is neglected in equation (4.1).
Thus, the detonation pressure increases very considerably if the initial density of the
explosive can be raised to its maximum value. Conversely, the detonation pressure
and the detonation velocity may be reduced by employing a more loosely textured
explosive. According to Fig. 3.1, the adiabatic exponent (y) is defined as the negative

DOI10.1515/9783110521863-006
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of the logarithmic slope of the adiabat [12]:

olnP
=_ . 4.2
y <a1nl> (4.2)
P /S

Thus, the adiabatic exponent can be assessed by the initial pressure-volume slope
in the isentropic gases from the C-J point, which is primarily a function of pgy. The
parameter y can also be given at the C-J point as follows [62]:

Y= “.3)

where pc_j is the density at C-J point. Combining equations (4.3) and (4.1) with the
following mass balance equation of the Rankine—-Huguniot Jump, i.e. [62]

Po_ Ddet — Wey
pPc-) Dget ’

gives the following equation [12]:

2
P pODdet (4 4)
det = ——— .
y+1
. ° . .
* =
- 2 =]
s . 52
. [}
o . c S ®
o =4 * (<] S o
a N O =
¢ c . ° S L. 23
e . = S 9o
A= . o 0w o
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Fig. 4.1: Supersonic propagation of a chemical reaction through an explosive.

As is seen in equation (4.4), knowledge of y can help to estimate the value of Pge¢ from
Dfiet, or vice versa, at the specified loading density. The parameter y is relatively insen-
sitive to elemental composition and is widely used in the field of explosives. Several
suitable correlations have been developed to predict y as a function of the loading
density [63-66] in which it is assumed that y is independent of the chemical composi-

tion. Kamlet and Short [65] introduced a suitable correlation for the calculation of y in
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__—Von Neuman spike

Taylor (refraction)

hock fi
Wave gas expansion _— Shock front

1
Ddet :
\: —
N —
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N N N .
K> <> Unreacted explosive
R S% % -
S
A pY 11

I
Reaction zone
Detonation products

Fig. 4.2: The structure of the detonation wave and the propagation of the detonation reaction.

the form of “rule for gamma”. Their correlation can be used as a criterion in choosing
among conflicting experimental measurements of detonation properties of a number
of C,Hp N0, explosives at a loading density which is greater than 1 g/cm3. Among the
available correlations, the following correlation [66] shows good agreement with re-
spect to the corresponding measured values from reported empirical methods [63-66]:

0.196

=1.819 -
Y Po

+0.712po. (4.5)

Since data for measured detonation velocities is generally more widely available than
the detonation pressures for ideal explosives, it is possible to use equations (4.4)
and (4.5) to obtain reliable estimations of detonation pressures over a wide range
of loading densities, e.g. 0.2-2g/cm?>. For example, EDC-24, 95/5 HMX/Wax with a
loading density of 1.705 g/cm? has a measured detonation velocity of 8300 m/s. Incor-
poration of these values to equations (4.4) and (4.5) give y and Pget as

y=1.819- (1):;—32 +0.712(1.776)
=2.973,
(1776 5 x o0 x 195 ) (871312)
Paec = 2.973 +1
=3.394 x 10 Pa
= 339.4Kkbar.

The predicted detonation pressure is close to the measured detonation pressure, i.e.
334 kbar [12].
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4.2 Measurement of the detonation pressure

In contrast to the detonation velocity, which can typically be measured to within a
few percent, measurements of the detonation pressure and temperature are less accu-
rate. Due to the existence of nonequilibrium effects in reaction zones, the detonation
pressures which are determined span a range of 10-20 % [12]. For example, the maxi-
mum percent of deviation between the lowest to highest values from the interpretation
of different types of measurements for COMP B at 1.73 g/cc in the same laboratory is

16.4 % [67]. The measurement of the pressure at the C-J point and the duration of the

chemical reactions in the reaction zone are usually performed through various dy-

namic methods based on different physical principles. The experimental methods for
the measurement of the detonation wave parameters can be classified into two cate-
gories:

(i) Internal methods. Detonation parameters are directly determined in these meth-
ods. For example, the direct determination of the detonation pressure can be
achieved using a manganin pressure gauge [43]. Although the time resolution is
approximately on the nanosecond scale, it is not sufficient for a reliable study of
the narrow reaction zone.

(ii) Those methods that are based on the registration of the state originating after the
shock wave reflection from a barrier. For example, the determination of the deto-
nation pressure can be achieved using optical methods or electrocontact probes
and the oscilloscope technique. Details of these categories are discussed else-
where [43].

4.3 Estimation of the detonation pressure of ideal explosives

Besides equation (4.4) and the computer codes that were described in previous chap-
ters, there are some empirical methods which can be used to predict the detonation
pressure of ideal explosives and nonideal aluminized explosives. The empirical meth-
ods which are available can be categorized as a function of different variables, as is
shown in the following sections (as was also the case for the detonation velocity).

4.3.1 Detonation pressure as a function of the loading density,
element composition, and the condensed phase heat of formation
of pure or composite explosives

There are various approaches reported in the open literature for the prediction of the
detonation pressure as a function of different variables, including the loading density,
elemental composition, and the condensed heat of formation of pure or composite
explosives. Among these methods, several which have wide application are reviewed
here.
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4.3.1.1 The use of the Kamlet and Jacobs (K-J) method

Kamlet and Jacobs (K-J) [5], as well as Kamlet and Ablard [68] used equations (1.5)
and (1.10) to obtain a relationship for the detonation pressure for C,H,N.O4 explosives
at loading densities above 1g/cm? as

Pget = 240.86(Ngys) (Mygas Qaet [H20()])*° o3, (4.6)

where Pge is in kbar. Kamlet and Dickinson [69] showed that equation (4.6) could
be established using trial-and-error fitting of highly accurately computed detonation
pressures. Kazandjian and Danel [70] have indicated that, with the assumptions con-
sidered by K-J method [5], the detonation pressure is mainly proportional to

(n,gas)(ngas Qqet[H> O(g)])o’spé .

Equation (4.6) confirms that for individual explosives the measured detonation pres-
sure values are proportional to pé. As an example, the detonation pressure of HMX at
1.89 g/cm’ will be calculated for which the values of Ngys and Myq,s Were calculated in
Section 3.4.1.1, and the value of Qqet[H20(g)] for HMX was calculated in Section 1.2.1,
and is equal to 6.18 kJ/g:

Pget = 240-86(n'gas)(MWgastet [H20(8))%°p}
=3.9712(0.03378)(27.12 x 6.18)%> x 1.892
= 376.9 kbar.

The measured detonation pressure is 390 kbar [31]. Thus, the percent of deviation of
the calculated and the measured detonation pressures is 3.5 %.

4.3.1.2 The modified K-) method for C;HpN O4FCls explosives

As was the case for the detonation velocity, the decomposition paths given in equa-
tion (1.11) were used to predict the detonation pressures of C,HpN.O4F.Cls explosives
at loading densities above 0.8 g/cm? as [71]:

Pget = 245.5(Ngas) (Mygas Quet [H20(8)))*° pf — 11.2. (4.7)

The advantages which were mentioned in Section 3.4.1.2 can also be applied to equa-
tion (4.7).

For HMX at loading density 1.89 g/cm> and using the calculated values of n’gals ,
ngas, and Qget[H>0(g)] for HMX given in Section 3.4.1.2, the detonation pressure of
HMX can be calculated according to:

Pget = 245.5(Ngas) (Mygas Quet [H20(8)])*° pg — 11.2
= 245.5(0.04052)(24.68 x 5.02)°>(1.89)? - 11.2
= 384.3 kbar.

The percent deviation of the calculated detonation pressure from the measured value
is -1.5% [31].
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4.3.2 Detonation pressure as a function of the loading density,
element composition and gas phase heat of formation of the pure component

It is possible to predict the detonation pressure of C,HpN.O4 explosives, in the same
way as for the detonation velocity given in Section 3.4.2, as follows [72]:

10264 + 226b + 1031c + 3150d + 30.7A¢H%(g) ) 2

Pget = -2.6 + ( e p3. (48

Three advantages which were mentioned in Section 3.4.2 can also be applied to
equation (4.8). It is important to use reliable methods for the estimation of AfHO(g).
For example, 2,4,6-triamino-1,3,5-trinitrobenzene (TATB) with the empirical formula
C¢HgNgOg is a well-known, thermally stable explosive. The AtH?(g) of TATB has
been calculated using the B3LYP/6-31G* and semi-empirical method of PM3 which
are 30.08 and -45.18 kJ/mol, respectively [73]. Thus, the use of these data for TATB
(po = 1.86 g/cm?) give the following the following detonation pressures:

102 22 1031 1 . .
Pdet=—2-6+< 026 x6+226x6+1031x6+3 50X6+307X3008>(1.86)2
258.15
= 281.8 kbar,
1026 x 6 +226 x 6+ 1031 x 6+ 3150 x 6 + 30.7(-45.18
Pdet=—2-6+< X 6 + x 6 + 325><81;35 X 6 +30.7(-45 )>(1.86)2

= 250.8 kbar.

Since B3LYP/6-31G* gives more reliable A¢H?(g) values than PM3, the predicted deto-
nation pressure using B3LYP/6-31G* is unsurprisingly closer to the experimental value
of 291 kbar [31].

4.3.3 Detonation pressure as a function of the loading density
and molecular structure of high explosives

It was shown that it is possible to predict the detonation pressure of C,H,N:O4 explo-
sives using [74]
Pget = — 22.32 + 104.04p}
-10.981a-1.997b +5.562c¢ + 5.539d
- 23.68n_yp, — 154.1n%, (4.9)

where n_yy, is the number of -NH, and NH in the energetic compounds and n(l’
equals 1.0 for energetic compounds that follow the condition d > 3(a + b). Equa-
tion (4.9) follows two limitations of equation (3.5). As is indicated in equation (4.9),
there is no need to use the condensed or gas phase heat of formation value of the ex-
plosive. For example, applying equation (4.9) for Octol-60/40, with composition 60/40
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HMX/TNT (C,.04H2.50N2.150,68) at a loading density of 1.80 g/cm’ gives the detonation
pressure as

Pget = —22.32 + 104.04 x 1.807
—10.981 x2.04-1.997 x2.50 + 5.562 x 2.15 + 5.539 x 2.68
-23.68x0-154.1x0
309 kbar.

The estimated detonation pressure is close to the value of 320 kbar which was obtained
from experiments [31].

4.3.4 Maximum attainable detonation pressure

It was shown that the detonation pressure at the maximum loading density or theoret-
ical maximum density of an explosive (Pget,max) With the general formula C,HpN.O4
can be given as follows [75]:

Pget,max = 221.5 — 20.44a - 2.254b + 17.22c + 16.14d
—79.07Cssp — 66.34ny, (4.10)

where Pget,max,ssp is equal to 1.0 for explosives which contain N=N-, ~-ONO,, NH;, or
-Nj3 in the molecular structure; ny is equal to 0.5ny0, + 1.5 where nyo, is the num-
ber of nitro groups attached to carbon in nitrocompounds in which a = I. For exam-
ple, applying equation (4.10) for cyclotol-50/50, with the composition 50/50 RDX/TNT
(C2.22H2.45N2,0102.67), results in Pget,max as

Piet,max = 221.5 - 20.44 x 2.22 - 2.254 x 2.45 +17.22 x 2.01 + 16.14 x 2.67
-79.07x0-66.34x0
= 248.3 kbar.

The measured value of the detonation pressure for Cyclotol-50/50 at a maximum load-
ing density of 1.63 g/cm? is 231 kbar [31].

4.4 Prediction of the detonation pressure
of nonideal aluminized explosives

It was shown that the calculated C-J detonation parameters of nonideal explosives ob-
tained from using existing thermodynamic computer codes are significantly different
from experimental results [31]. It can be assumed that nonequilibrium effects in the
reaction zones may contribute to this deviation. The measured detonation pressures
may be higher than equilibrium calculations if the measurement is taken behind the
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von-Neumann spike but in front of the C-J point [31]. For aluminized explosives, the
mean size of aluminum particles used is around 101 pm. However, aluminum powder
needs to be excited for several ps before it participates in the chemical reaction, but
the reaction time of the reaction zones is about 107! ps [76]. Therefore, it is difficult
for aluminum powder to participate in the chemical reaction at the reaction zones.
The detonation pressure can be predicted through use of a computer code and EOS by
means of the C-J thermodynamic detonation theory, which assumes that the thermo-
dynamic equilibrium is reached instantaneously. During the expansion of the gaseous
detonation products, the combustion of aluminum particles in explosives is assumed
to occur behind the reaction front [76]. Thus, aluminum particles in this case do not
participate in the reaction zone and instead act as inert ingredients [12, 31].

Zhang and Chang [76] have suggested that the best agreement with the experi-
mental data for aluminized explosives was obtained by adjusting parameter x in the
BKW-EOQS, i.e. equation (1.13). They argued that the value of x depends on the fraction
of solid products in the C-] reaction, and it should be adjusted when they increase.
The adjusted values of x for RDX-type and TNT-type explosives in the BKW-EOS are
9.2725 and 10.4017, respectively. Using this modification, they have calculated detona-
tion pressures and velocities of aluminized explosives within about 9 % and 7 % of the
experimentally obtained values respectively.

Besides complex thermochemical computer codes, there are several empirical
methods which can be used for calculating the detonation pressure of aluminized
explosives, and which are discussed in the following sections.

4.4.1 Using the elemental composition for predicting the detonation pressure
of explosives

For aluminized explosives with the general formula C,HyN.0O4Al,, it was shown that
the elemental composition and loading density are sufficient for predicting the deto-
nation pressure according to [77]:

Pget = -35.53a + 41.42b — 14.77¢c + 44.00d — 21.32e + 43.95p(2). (4.11)

This correlation is limited to explosives containing aluminum, and it cannot be used
for pure and composite C,HpN.O4 explosives. For example, the value for the detona-
tion pressure of Alex 20 with composition 44/32/20/4 RDX/TNT/Al/Wax (Cy783H> 469
N161302.039Al0.7335) at a loading density of 1.801 g/cm?3 is calculated as follows:

Pget = —35.53%x 1.783 + 41.42 x 2.469 — 14.77 x 1.613 + 44.00 x 2.039
—21.32x0.7335 + 43.95(1.801)?
= 231.8 kbar.

The measured detonation pressure for Alex 20 is 230 kbar [12].
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4.4.2 Detonation pressure of C;HyN O4F.Cl; and aluminized explosives
as a function of the loading density, element composition,
and the condensed phase heat of formation of pure or composite explosives

For aluminized explosives, it is possible to improve the decomposition paths given in
equation (1.11) to calculate the detonation pressure of aluminized explosives with the
general formula C,HpN-O4F.ClfAl, as follows [78]:

CqHpNOgFcClfAly — e HF + f HCI(g) + SN, (g)

[ (d-0.158)CO(g) + (a - d +0.158)C(s) + (257 ) Ha(g)
+0.05g Al;03(s) + 0.9g Al(s)

withd < a (a)

aCo(g) + (d—a—0.25g)H,0 + (b’f’f —-d+a+ 0.25g) H(g)
+0.125g Al;,03(s) + 0.75g Al(s)

withd>a,§>d—a,d—a20.25g (b)

(d -0.3758)CO(g) + (25 ) Ha(g) + (a - d +0.375d)C(s)
+0.125g Al,05(s) + 0.75g Al(s)

withd>a,§>d—a,d—a<0.25g (c)

+1 (2L -0.25g) H,0(g) + 0.25g Ha(g) (4.12)
+(2a-d+25L)Cog) + (d - a - 257) Cox(g)

+0.125g Al;,03(s) + 0.75g Al(s)
withd2a+b%ﬂ,ds2a+#,#20.25g @

(25 )Ha(g) + (2a~-d + b - e - )CO(g)
+(d-a-"%L -0.1875) COx(g)
+0.125g Al,05(s) + 0.5g Al(s)

withd > a + b’;’f, d<?2a+ %, b’;’f <0.25g (e)

(25 )H,0(g) + a CO(g) + (245 — a - 0.375) 0(g)
+0.25g Al;05(s) + 0.5g Al(s)

| with d > 2a + =2, M—azO.WSg ()
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It was shown that the following equation can be used to predict the detonation pres-
sure of ideal and non-ideal aluminized explosives, based on above decomposition
paths as [78]:

Pget = 252.8(Ngys) (Mygas Quet [H20(8)))*° p§ — 14.84. (4.13)

Equation (4.13) is an improved correlation of equation (4.7), and can be applied for not
only ideal C,HpNO4F.Cls explosives, but also for nonideal aluminized explosives.
For example, as is shown in the Appendix, RDX/Al (90/10) with the empirical formula
C1215H2.43N2.4302.43Al0571 has AfHO(c) = 24.89 kJ/mol. Therefore, the values of n’gas,
My gas, and Qqet[H2O(g)] are 0.0365 mol/g, 24.06 g/mol, and 4.97 k]/g respectively. The
use of these values in equation (4.13) gives the detonation pressure of RDX/AI (90/10)

at a loading density of 1.68 g/cm?> as

Pyet = 252.8(0.0365)(24.06 x 4.97)°°(1.68)%2 — 14.84
= 270Kkbar,

which can be compared with the measured value of RDX/AI (90/10) which is 246 kbar
[31].

4.4.3 Using molecular structure for predicting the detonation pressure
of ideal and aluminized explosives

It was found that the detonation pressure of ideal C,H,N.O,4 explosives and alu-
minized explosives can be predicted using [79]

Pget = — 23.35 + 105.9p% — 12.39a - 1.83b + 6.50c + 5.40d
- 24.71nNg,R, - 63.081), (4.14)

where nyg, g, is the number of -NH,, NHZ, and five membered rings with three (or four)
nitrogens in any explosive, as well as five (or six) membered rings in nitramine cages;
”Al is a function of the number of moles of Al which can be determined according to
the following conditions:

(i) njy=1.5nford<a;

(ii) nj, = 1.4ny ford > a + % andd < 2a + g;

(iii) njy; = 1.25n for d > a and b>d-a

(iv) nj, = naiford > 2a + %.

LN
McHNO

If the mass ratio of aluminum to explosive > 2, or ( ) > 2, ny in the above condi-

tions should be multiplied by 0.6.
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To use equation (4.11) for aluminized explosives, 100 g of explosives with the gen-
eral formula C,H,N.O4Al. were used for the calculation of the detonation pressure,
and the number of moles of extra aluminum in explosives, e.g. RDX/Al (50/50) has the
empirical formula Cg¢75Hy.35N1.3501.35Al1.853. However, for a 100 g mixture of RDX and
Al, the formula should be changed to Cy.35H,70N27002.70Al3706, i.€.

100
C: 0.6 —— =1.35;
75 X 0 35

100
H: 1. — =2.70;
35 x ) 7

100
N: 1. — =2.70;
35 x ) 7
100
0O: 1. — =2.70;
35 x 0 7

100
Al: 1.8 —— =3.706.
53 x 0 3.7

Since RDX/AI (50/50) follows condition (iii) as well as (%) > 2 its detonation pres-

sure at loading density 1.89 g/cm? is calculated as follows:

Pget = —23.35 + 105.9(1.89)% - 12.39 x 1.35
-1.83x2.70+6.50 x 2.70 + 5.40 x 2.70
~-24.71x0-63.08%x3.706 x 1.25 x 0.6

= 190 kbar.

The predicted value is the same as the measured value of 190 kbar [31].
Deviations in the values calculated using the new method from the experimental
values are large for two cases:
(i) ifd > 3(a+b),e.g. TNM;
(ii) if the mass percent of nonenergetic additives is large.

4.4.4 Maximum attainable detonation pressure of C;H,N.O/F. explosives
and aluminized explosives

For C4HpN.O4F, explosives and aluminized explosives, it was shown that the fol-
lowing equation can be used to predict the maximum attainable detonation pressure
(Pdet,max) of these explosives [80]:

Pyet,max = 216 — 13.9a - 3.30b + 18.1c + 5.88d
+101Pj, - 68.0P),, (4.15)

where P/ and Péle are two correcting functions, which are specified as follows.
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4.4.4.1 Pure CoHpN.O4F. explosives
() Pi'n: The value of Pi’n equals 1.1 for CNO explosives without azido groups.
(i) Pée: Two different categories of compounds may need this correcting function:
(a) ifa=1, P&e = 1.1nyo, where nypo, is the number of nitro groups,
(b) for the presence of -N=N- in non-aromatic (or between two aromatic rings)
compounds, ether, oxamide, and non-aromatic fluorinated nitramines,
P}, =0.7.

The two correcting functions Pi'n and P(’ie may exist simultaneously, e.g. the values of
P and P}, in TNM are 1.1 and 4.4, respectively.

4.4.4.2 Mixture of C;HpN.Og4F. and aluminized explosives
All calculations are based on a 100 g mixture of different components.
(i) CoHpN.O4F. explosives:
(a) For a mixture of TNT and nitramine, the values of P} and P}, are the mass
fractions of nitramine and TNT, respectively;
(b) the value of Pi,n is 0.7 for plastic bonded explosives;
(c) foraliquid mixture of explosives in which one explosive component contains
one carbon atom such as NM, the value of Pée is equal to 1.2.
(ii) Aluminized explosives: If the mass percent of aluminum is greater than or equal
to 30, the value of P}, is equal to 0.5.

For example, for a 74.766/18.691/4.672/1.869 TNT/Al/Wax/Graphite mixture with gen-
eral formula C;79H;31N0.9901.98Alo.69, the value of Pget,max is given as follows:

Pget,max =216 -13.9%x2.79-3.30x2.31+18.1x0.99 +5.88 x 1.98
+101x0-68.0x0
= 199 kbar.

The measured detonation pressure of this composite explosive at a loading density of
1.68 g/cm?3 is 175 kbar [12].
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Summary

In contrast to available methods for prediction of the detonation velocity, there are

fewer predictive methods for the detonation pressure. Two reasons may contribute to

this situation:

(a) there is only small amount of experimental data for detonation pressures,

(b) there is a large uncertainty in the reported detonation pressures because of the
existence of nonequilibrium effects in reaction zones.

The best available predictive methods were reviewed in this section for both ideal and
nonideal aluminized explosives. The methods which have been described can be ap-
plied for the design of new pure and composite explosives without requiring the use
of complex thermochemical computer codes.

Questions and problems

Hint
The necessary information for some problems are given in the Appendix.

(1) (a) Calculate ngyg, Mygqs, and Qqet[H>0(g)] for RDX/TFNA (65/35) using equa-
tion (4.7).
(b) If the measured detonation pressure of RDX/TFNA (65/35) at loading density
1.754 g/cm? is 324 kbar, calculate its detonation pressure and percent devia-
tion by equation (4.7).

(2) If the gas phase heat of formation of Cyclotol-78/22 is 12.88 kJ/mol, use equa-
tion (4.8) to calculate its detonation pressure at loading density 1.76 g/cm?3.

(3) Use equation (4.9) to calculate the detonation pressure of BTF at loading density
1.76 g/cm?>.

(4) Use equation (4.10) to calculate the maximum attainable detonation pressure of
tetranitromethane (TNM).

(5) Using equation (4.11), calculate the detonation pressure of TNT/Al (78.3/21.7) at
loading density 1.80 g/cm?>.

(6) Use equation (4.13) to calculate the detonation pressure of RDX/Al (50/50) at load-
ing density 1.89 g/cm’.
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(7) Calculate the maximum attainable detonation pressure of the following molecular
structure using equation (4.14).

0N~ NO,
N~y PR
ON H No, o NO,
NO NO

n For answers and solutions, please see p. 94
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5 Gurney energy

Gurney [81] developed a simple model for the estimation of the velocity of the sur-
rounding layer of metal (or other material) when an explosive detonates. The spe-
cific energy or Gurney energy (Eg) is more useful than detonation properties for
the ballistic characterization of an explosive, because it can permit calculation of the
velocities and impulses imparted to metal fragments driven by detonating high ex-
plosives [64]. Thus, a given explosive liberates a fixed amount of Eg on detonation,
which is converted to kinetic energy and transferred to the moving metal fragments
and gaseous products. The value of Eg determines the amount of mechanical work
that can be produced by the explosive and which is necessary for acceleration of the
surrounding metal.

The internal energy during expansion of the detonation products from the C-J
point can be related to any measure of the energy output from a detonating explosive.
The process of metal acceleration has a limited duration. The actual amount of energy
generated by the explosive which used to accelerate metal fragments is less than the
energy of the explosive as determined by detonation calorimetry, because the internal
energy remaining in the gaseous products on further expansion does not contribute to
the metal acceleration. Gurney’s model can determine only the final metal velocity
and gives no information about the acceleration process. Acceleration of the tube wall
stops soon after the wall is strained to the point of rupture, because the gases leak out
between fragments in divergent geometries. Thus, the value of Eg is only a fraction
of the stored chemical energy in the initial explosive mixture, because the detonation
products are still hot in expansion to ambient pressure. The measured Eg is signifi-
cantly less than the chemical energy of the unreacted explosive [64]. The value of Eg
is a function of the chemical energy and the density of an explosive [64]. Gurney’s
model underestimates metal velocities when % < %, where m and c are the masses
per unit length of the metal and the explosive respectively [64]. In such situations the
efficiency of the explosive is increased and shock processes associated with the deto-
nation front dominate the acceleration behavior. Thus, a gas dynamic model or wave
propagation computations should be used at low values of Z.

5.1 Gurney energy and Gurney velocity

The Gurney model can be used to determine the amount of chemical energy which is
transformed into kinetic energy for the expanding product mixture and moving metal
fragments by calculating the difference between the internal energy of the isentropi-
cally expanded products (Us) and that of the unreacted explosive (Up). This energy
difference is assumed to be a measure of the energy which is available for accelerat-
ing the metal, and ignores the wave dynamics in the flow of the product gases. For

DOI10.1515/9783110521863-007
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Gurney’s model all fragments are assumed to be releases at the same initial velocity,
where the velocity of the gaseous explosion products increases from zero at the center
of mass of the explosive out to a maximum, which is also the velocity of the casing frag-
ments at the moment of break-up. The Gurney velocity or Gurney constant (1/2Eg)
is related to the value of Eg, which provides a more relevant absolute indicator of the
ability of an explosive to accelerate metal under a wide variety of loading conditions
and geometries. Thus, the Gurney model permits a quantitative estimation of the ve-
locity or impulse imparted to metal by detonating explosives, rather than just simply
a rank-ordering of the explosives. For this model, the velocity profile of the product
gases is also linear in material coordinates. The results indicate that the terminal
metal velocity (Dpetal) is a function of the ratio of % on the basis of an energy balance
[62, 64]. For simple asymmetric configuration, a momentum balance is also required
and must be solved simultaneously for simple asymmetric configuration [62, 64]. For
some simple geometries filled with explosives, the metal velocity can be expressed as
follows [62]:

— cylindrical tube:

Dmetal < m 1 )_ 2
=\ —= 5 ’ (5'1)
\2Eg c 2
— sphere:
Diyetal < m 3 )_2
=(—+= ; (5.2)
\2Eg c 5
— symmetrical sandwich:
Dietal ( m 1 >_7
—=(—+= . (5.3)
\2Eg c 3

Thus, the measured values of Dpeta) With known geometry and % can be used to cor-
relate with /2Eg. Details of the application of the Gurney velocity for metal fragment
projectiles from different charge geometries and the effect of air on the velocity of a
piece of metal were demonstrated elsewhere [62].

5.2 Gurney energy and the cylinder expansion test

The cylinder test is a suitable experimental method to measure the effectiveness of an
explosive. The radial expansion on detonation of a metallic cylinder (usually copper)
which is filled with a high explosive can be observed using a streak camera or a laser
method. It provides the most complete information to the warhead by viewing the ex-
pansion of the detonation products inside the cylinder tube. Brisance can be defined
as the ratio between the potential of the explosive and the duration of the detonation.
To estimate the explosive effects on a certain surrounding medium, it is preferable to
use E instead of the brisance. If detonation is performed inside the tube of the cylin-
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der test, the value of Eg consists of the kinetic energy of the expanding detonation
and the kinetic energy of the displaced walls. The value of Dpetq) can be calculated by
considering the detonation velocity taking into account the loss of kinetic energy of
the detonation products and also heat loss according to [43]

D 2m -3
Drnetat = =5 (T + 1) , (5.4)

The cylinder test not only provides the value of Eg but it is also possible to calculate
the detonation pressure and the heat of detonation if a more detailed consideration of
the detonation products and the displacement of the wall material is undertaken.

5.2.1 Cylinder test measurements

The cylinder test provides a measure of the hydrodynamic performance of an explo-
sive assuming a constant volume of high explosive. It consists of an explosive charge
25.4 mm in diameter and 0.31m long in a tightly fitting copper tube with a wall thick-
ness of 2.6 mm. The explosive charge is initiated at one end and the radial motion of the
cylinder wall is measured at about 0.2 m from the initiated end using the streak camera
technique. The transfer of kinetic energy to the copper wall in a fixed geometry leads
to a simple way of expressing the performance of the explosive. Detonation normal
or head on to the metal and detonation tangential or sideways to the metal are
two extreme geometric arrangements for the transfer of explosive energy to adjacent
metal [9]. Due to the effects of the equations of state of the detonation products, the
effective explosive energy is frequently different for the two cases mentioned above.
For both head-on and tangential detonation, the cylinder test provides a measure of
the relative effective explosive energy. The radial wall velocities at 5-6 mm and 19 mm
are indicative of explosive energies in head-on geometry and tangential geometry,
respectively. Terminal wall velocities at breakup are about 7-10 % higher where ap-
proximately 50 % of the detonation energy is transferred to the cylinder wall.

5.2.2 Prediction methods of the cylinder test

Some thermochemical computer codes such as CHEETAH can be used to evaluate the
cylinder test [82]. Several correlations have also been developed to estimate cylinder
test outputs, which are described in the following sections.

5.2.2.1 Method based on the Kamlet—Jacobs decomposition products

Short et al. [83] used equations (1.5) and (1.10) to derive the wall velocity in the cylin-
der test of C,HpN.O4 explosives by a least squares fitting of the experimental data as
follows:
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chlinder wall
_ 0.54 —
= 1.316 p) 3 (Nas (Mugas)®> (Quet [H20(8)])*%) " (R — Ro)©-21270:06500) - (5.5)

where Veylinder wall is the cylinder wall velocity in km/s, R - Ry is actual radial expan-
sion in mm and py is the loading density in g/cm>. For example, if the calculated data
of HMX at po = 1.894 g/cm? given in Section 3.4.1.1 is used, i.e. Ngas = 0.03378 mol,

My gas = 27.21 g/mol, and Qqet[H>0(g)] = 6.18Xk]/g, the value of Veylinder wan of HMX
for R — Ry = 6.0 and 19.0 mm can be estimated as follows:

R-Rp =6.0mm

— Veylinderwall = 1.316(1.894)°-84(0.03378(27.21)°%(6.18)%%)
X (6.0)(0.212—0.065><1.894)

=1.690km/s,
R—-Rp=19.0mm

— Veylinderwall = 1.316(1.894)%%4(0.03378(27.21)%5(6.18)*%)*>*
x (19.0)(0-212-0.065x1.894)

=1.872 km/s.

The measured values of the specific wall kinetic energies at 6 mm and 19 mm wall
displacement for HMX are 1.410 and 1.745 MJ/kg, respectively and are characteristic
of head-on and tangential detonation, respectively. The measured Vyiinder wanl can be
easily obtained as follows:

Veylinder wan(head on = 6.0 mm) = (1.410 x 2)>
=1.679km/s,

Veylinder wall(tangential = 19 mm) = (1.745 x 2)°-°
=1.868km/s.

Thus, the calculated Vyiinder wan values are close to the experimental values. Short
et al. [83] extended the detonation products of equation (1.10) for C,H,N.O4F. explo-
sives by the following conditions:
(i) formation of HF: available hydrogen reacts firstly with fluorine to form HF;
(if) formation of CF,4: remaining fluorine, if any, reacts with carbon to form CFy;
(iii) formation of H,O: any remaining hydrogen, (after (i)), reacts with oxygen
to form H,0;
(iv) formation of CO,: any remaining oxygen reacts with carbon to form CO,.

For several fluoro explosives, the results of tests have shown that equation (1.10),
which assumes HF formation but not CF,, provides relatively good predictions.
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5.2.2.2 Improved method for prediction of cylinder wall velocity
It was shown that the decomposition pathways of equation (1.11) can be used to predict
the cylinder wall velocity of C,H,N.04F.Cl; explosives according to [84]

chlinder wall
_ 0.54 _
= 1.262p0% (N (Mygas)*> (Quet[H20(8)])%%) 7 (R — Ro)(©-21270:06500) - (5,6)

For example, if the calculated data of HMX at po = 1.894 g/cm? given in Section 3.4.1.2
areused, i.e. n’gas =0.04052 mol, Mygys = 24.68 g/mol, and Quet[H,0(g)] = 5.02 k] /g,
the value of Vylinder wan of HMX for R — Rp = 6.0 and 19.0 mm can be estimated as
follows:

R - Ry =6.0mm

— Veylinderwanl = 1.262(1.894)%-84(0.04052(24.68)*-°(5.02)%)*>*
x (6.0)(0-212-0.065x1.894)

=1.646km/s,

R-Rp=19.0mm

— Veylinderwan = 1.262(1.894)%-84(0.04052(24.68)*-°(5.02)%)*>*
% (19.0)(0-212-0.065x1.894)

=1.824km/s.

The calculated values are close to the experimental values given in a previous section.

5.2.3 JWL equation of state

For metal acceleration, the Jones—Wilkins—Lee equation of state (JWL-EOS) can be
used to accurately describe the pressure-volume-energy behavior of the detonation
products of explosives; however, the values are valid only for large charges [9]:

w —(R1Vqget/ Vo)
P (1- )
J (R1 Vaer/ Vo)
B <1 w )_(RZVdet/VO)
+owL|\l - 5w —
J (R Vaet/ Vo)
wE

R (5.7)
(Vaet/ Vo)

where Ajwr, and Bjwy, are linear coefficients in GPa; R, R,, and w are nonlinear coeffi-

cients; Vget and Vy are the volumes of the detonation products and undetonated high

explosive respectively; and P is in GPa and E is the detonation energy per unit volume

in (GPam?3)/m3. This equation changes to the following equation at constant entropy
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or isentrope [85]:
Ps = Apyre”®V1Vo) 4 Byyype®aVIV0) oy (V/ Vo)™, (5.8)

where Cjwr is also a linear coefficient in GPa. The coefficient w is known as the
Griineisen coefficient or the second adiabatic coefficient, which is defined as [43, 86]

olnT
w= ‘(aln(V/Vw)s‘ 9)

The parameters A, B, C, Ry, R, and w are determined by fitting the pressure-volume
data to equation (5.6). These parameters have been determined for some explosives,
which have been subjected to a rigorous comparison analysis by matching the results
obtained from the equation with those obtained from experimental C-J conditions,
calorimetric data, and expansion behavior — usually cylinder-test data [9].

5.3 Different methods for the prediction of the Gurney velocity

Suitable computer codes and appropriate equations of state can be used to predict
the Gurney velocity. For example, Hardesty and Kennedy [64] have shown that Gur-
ney velocities are reasonably well approximated by the TIGER computer code and the
Jacobs—Cowperthwaite—Zwisler-3 equation of state (JCZ3-EOS) [87] as

V2EG = ( VZ(UO - US))V/VO:B' (510)

The JCZ3-EOS was formulated to allow it to be used generally for any explosive formu-
lation of thermodynamic state properties of a mixture of product species for densities
ranging from those at atmospheric pressure to those at the C-J state, as well as to
permit a reliable estimation of the internal energy states during expansion [64]. Equa-
tion (5.10) shows that energy transfer between the detonation products and the driven
metal is limited in many cases by rupturing of the metal rather than by side losses [64].
There are several empirical methods which can be used for the prediction of the Gur-
ney velocity, which will be discussed in the following sections.

5.3.1 Using the Kamlet-Jacobs decomposition products
Hardesty and Kennedy (H-K) [64], as well as Kamlet and Finger (K-F) [88] have related

the Gurney velocity to the decomposition products of Kamlet and Jacobs [5] (which are
given in equation (1.10)) to predict the Gurney velocity as follows:
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(V2Eg)u-k = 0.6 + 2.55(Ngysp0) > (M gas Quet [H20(2)])%2, (5.11)
(V2EG)k-F = 3.49(1gys)° (M gas Qaet [H20(8)1)°% pg . (5.12)

where (1/2Eg)u_x and (v/2Eg)x_r are the Gurney velocities from the H-K [64] and
K-F [88] methods. For example, if the calculated data of HMX at po = 1.89 g/cm?
given in Section 3.4.1.1 are used, i.e. n{gas = 0.03378 mol, ngas = 27.21 g/mol and
Quet[H20(g)] = 6.18 kJ/g, the values of (\/2Eg)n_x and (1/2Eg)x_r are obtained as fol-
lows:

(V2EG)H-k = 0.6 + 2.55(0.03378 x 1.89)%(27.21 x 6.18)%-2°
=2.92km/s,

(V2Eg)k-rF = 3.49(0.03378)%%(27.21 x 6.18)°-2°(1.89)%#
= 2.98 km/s.

The measured Gurney velocity of HMX is 2.97 km/s [9], which is closer to the value
calculated for (/2Eg)H-xk-

5.3.2 The use of elemental composition and the heat of formation
It was shown that the elemental composition of C,H,N.O4 explosives can be used to

allow a reliable calculation of the Gurney velocity using the condensed or gas phase
heats of formation of an explosive as follows [89]:

\2Eg = 0.227

. < 7.543a +2.676b + 31.97;4‘: 35.91d - 0.0468A:H(c) )pg.s, (5.13)
\V2EG = 0.220

. < 6.620a + 4.427b + 29.03;4:’ 37.61d - 0.0122A:H?(g) )pg.s. (5.14)

Asis shown in the above correlations, the coefficients of AfH?(c) and AfH?(g) are small
values compared to the coefficients for the elements, which have positive coefficients.
Thus, the contribution of the four elements present in the unreacted explosive is far
more important, in terms of influencing the Gurney velocity, than details of the bond-
ing within the molecular structure. It was shown that the reliability of equations (5.13)
and (5.14) are higher than both (1/2Eg)n_x and (\/2Eg)x_r [89]. For TNT, the measured
AtHY(c) and the calculated AtH?(g) by B3LYP/6-31G* method are —67.01kJ (Appendix)
and 16.64 kJ/mol [73], respectively. Applying these data in equations (5.13) and (5.14)
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at a loading density of 1.63 g/cm? gives

V2Eg =0.227
7.543%x7 +2.676x5 +31.97x3 +35.91x6 — 0.0468x(-67.01) 0.5
. (1.63)™
227.13
=2.37 km/s,
V2Eg =0.220
6.620X7 + 4.427x5+29.03%x3 +37.61x6 - 0.0122%x16.64 0.5
+ (1.63)™
227.13
= 2.36km/s.

The predicted values of (v/2Eg)u-x and (+/2Eg)k_r are 2.43 and 2.38 km/s. Since the
measured Gurney velocity is 2.37 km/s [9], the values calculated using equations (5.13)
and (5.14) as well as (+/2Eg)x_r are close to the experimental values.

5.3.3 The use of elemental composition without using the heat of formation
of an explosive

It was shown that the following equation is suitable for calculating the Gurney velocity
of a C,H,N.O4 explosive [90] without requiring consideration of the heat of formation
of the explosive:

V2Eg = 0.404 + 1.020pp — 0.021c + 0.184(b/d) + 0.303(d/a). (5.15)

For example, as is shown in the Appendix, LX-14 with the composition 95.5/4.5 HMX/
Estane 5702-F1 has the formula C; 5,H> 9N 500, 66 and AfH?(c) = 6.28 kJ/mol. The use
of equation (5.15) for LX-14 at a loading density of 1.68 g/cm?> gives Gurney velocity as

V2EG =0.404 +1.020x 1.68
-0.021x2.59 +0.184(2.92/2.66) + 0.303(2.66/1.52)
=2.80km/s.

The measured Gurney velocity for LX-14 is also 2.80 km/s [9], which is the same as
the calculated value. The use of equations (5.11), (5.12), and (5.13) gives values of 2.74,
2.79, and 2.79 km/s, respectively, which shows the lower reliability of (\/E)H_K with
respect to other correlations. This correlation is the simplest method to calculate the
Gurney velocity of explosives, but it may result in large deviations for those explosives
in which b = 0.
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Summary

The specific energy according to Gurney’s model and the related Gurney velocity are
better values for the ballistic characterization of an explosive than the detonation
properties are, because they allow calculation of the velocities and impulses imparted
to driven materials. Several empirical methods have been reviewed for the calculation
of the cylinder wall velocity, as well as the velocity of explosively-driven metal over a
range of geometries and loading factors, which are of more practical importance to the
explosive user. The correlations which have been introduced can be applied to pure
explosives, as well as to solid explosive mixtures.

Questions and problems

Hint
The necessary information for some problems are given in the Appendix.

(1) Calculate the cylinder wall velocity of LX-09-0 with the composition: HMX (93 %),
DNPA-F (4.6 %), FEFO (2.4 %), C1.43H5 74N> 590,7,F0.02; and solid phase heat of for-
mation: 7.61kJ/mol at loading density 1.836 g/cm3 for R - Ry = 6.0 and 19.0 mm
using equation (5.6).

(2) For COMP A-3 calculate the Gurney velocity at loading density 1.59 g/cm> by
(a) equations (5.11), (5.12), and (5.13);
(b) equation (5.14), if the gas phase heat of formation of COMP A-3 is 142.3 kJ/mol.

(3) Use equation (5.15) to calculate the Gurney velocity of MEN-II at loading density
1.02g/cm’3.

For answers and solutions, please see p. 95 n
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The detonation process for an explosive liberates energy, which can be used for per-
forming mechanical work. The energy of an explosive is defined as the total work,
i.e. the maximum work or explosive potential that may be performed by the hot
gaseous products. The internal energy of the detonation products is completely trans-
formed into mechanical work in this situation. Thus, the performance potential of an
explosive can be described by three parameters:

(i) the volume of gas liberated per unit weight,

(ii) the energy (heat) evolved in the process,

(iii) the propagation rate (velocity) of the explosive.

The performance of an explosive is specified in terms of the velocity of the detona-
tion, detonation pressure, and power [1]. In general, a high gas yield and high heat
of detonation are the two important factors necessary in order to obtain a high deto-
nation performance [1]. If detonation occurs in the air, the mechanical work is nearly
equal to the heat of detonation. For the detonation of an explosive in a borehole, the
relevant parameter is its power or strength (also called the blasting capacity or en-
ergy of detonation products), which is a measure of the ability of an explosive to do
useful work [43]. In rock blasting, for example, part of the energy of the products is
expended in heating the rock and the other part remains in the products as thermal
energy. The mechanical work in this case is always lower than the heat of detonation
and accounts for 70-80 % of its value [1]. Thus, the assessment of the performance
of an explosive based on its power is not so much dependent on a high detonation
rate as it is on a high gas yield and large amount of energy evolved. As mentioned in
Chapter 5, brisance is required for a strong disintegration effect in the vicinity of the
detonation, because the most important parameters are the detonation rate and the
loading density (compactness) of the explosive. A number of conventional tests and
computational methods exist for determining the comparative power and brisance of
different explosives, which will be described in this chapter.

DOI10.1515/9783110521863-008
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6.1 Different methods for measuring the power and brisance
of an explosive

Although explosive power and brisance can be determined directly from field mea-
surements, laboratory methods are preferred. There are several experimental methods
which can be used for the determination of the power and brisance of an explosive.
In these methods, the work capacity is not expressed in work units, but usually in the
change in a desired parameter instead, such as the increase in volume after explosion
within the lead block. The usual methods for determining the power include

(a) thelead block test,

(b) the ballistic mortar test,

(¢) underwater detonation.

The common methods used to assess the brisance of an explosive are
(a) the sand crush test and
(b) the plate dent test [1, 43].

Among the different tests for predicting power, the Trauzl lead block and the ballistic
mortar tests are the two most well known for assessing the energy released by detonat-
ing explosives. The Trauzl lead block test is one of the conventional laboratory tests
and measures the expansion caused by an explosion contained within a block of lead
or aluminum. As the amount of explosive energy released increases, a larger amount
of expansion can be expected. The Trauzl test consists of a standard cast cylindrical
lead block of 200 mm height and 200 mm diameter that contains 10 g of the explosive
material and a detonator. The cylindrical lead block has an axial recess of 25 mm di-
ameter and 125 mm depth that is stemmed with quartz sand. After firing the shot, the
volume increase of the cavity is recorded (Fig. 6.1).

Sand
0
0 ou )
125 N 00 Explosive
£ 9 o
1S mm 1)
o
o
o~
25 mm \
200 mm Lead block

Fig. 6.1: The Trauzl test of an explosive: (a) before the test and (b) after the test.
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The ballistic mortar test provides a relative measure of the power of explosives by com-
parison usually with TNT or blasting gelatine as the standard explosive. In this test,
a heavy steel mortar is attached to a pendulum. About 10 g of the explosive charge is
initiated in a massive mortar enclosed by a projectile. The mortar is swung from its
position when the projectile is ejected out of the mortar. The maximum swing of the
mortar is recorded to determine the power of a desired explosive (Fig. 6.2).

Fuse

Explosive for
testing
\ Fig. 6.2: The ballistic mortar test.

Projectile
Mortar J

For commercial blasting and many other applications for which the power is impor-
tant, theloading density is near unity. The Trauzl lead block method is the most widely
used method for determining the power of high explosives because it provides data at
loading densities which are comparable to those used in practice [1].

For measuring the brisance of an explosive, the sand test or sand crushing test is
a suitable method [91]. It is based on determining the amount of standard sand which
is crushed by a standard mass of explosive. Since this method is simple and can be ap-
plied for different pure, mixed and aluminized explosives, it is a convenient method for
determining the brisance of energetic compounds in comparison with methods [91].
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6.2 Different methods for the prediction of power

The explosive power of an explosive is obtained by multiplying the heat of detonation
and the volume of gaseous products (Vexp gas) according to [3, 7]:

explosive power = Qexpl Vexp gas- (6.1)

Thermochemical computer codes such as EXPLO5 [11] can be used to obtain Qexp and
Vexp gas for the calculation of the power. It is also possible to use approximate values
of Qget and the number of moles of the assumed detonation products. The volume of
the gaseous products liberated during an explosion by a mixed explosive composition
at “STP” (standard temperature and pressure) can be calculated from the assumed
gaseous detonation products, i.e. 1 mol of gas occupies 22.41 at a pressure of 1atm
and a temperature of 0 °C = 273.15K.

As was shown in Chapter 1, different empirical methods have been developed for
the prediction of Qget. The volume of explosion gases is usually expressed in liters
per kg of explosive material and is the volume of the gases (fumes) formed by the
explosive reaction [1]. It is calculated from the chemical composition of the explosive
by computer codes such as EXPLO5 [11] through the calculation of the moles of gaseous
products. The Bichel bomb [1] can be used to determine experimentally the volume
of gaseous products. In practice, the composition of the products and the volume of
gaseous products are determined at the point of “frozen” chemical equilibrium, i.e.
after fast cooling of the explosion products preferably to the STP conditions [1, 43].

6.2.1 A simple correlation for the prediction of the volume of explosion gases
of energetic compounds

It was shown that the following correlation gives the volume of explosion gases of
energetic compounds with general formula C,HpN.O4 [92]:

Vexpgas = 878.2 - 126.0(a/d) + 111.7(b/d) — 176.7 Veorr, (6.2)

where Veyp gas is the volume of explosion gases in 1/kg, and the parameter Vo is the
correcting function. The value of Vi is 1.0 for C,HpN.O4 explosives which fulfill both
of the following conditions:

(i) aisnotzeroand

(i) d-2a-b/2 > 0.

The reliability of this new method is also higher than the outputs of complex computer
codes using two of the best available equations of states, i.e. the BKW-EOS and the
Jacobs—Cowperthwaite—Zwisler (JCZ-EOS) [29, 93]. For 69 energetic materials it was
shown that the root-mean-square error (RMSE) of the new correlation shows relatively

printed on 2/13/2023 3:27 AMvia . All use subject to https://ww.ebsco. confterms-of-use



6.2 Different methods for the prediction of power = 83

good agreement with experimental values, and is equal to 551/kg, as compared to the
values of 86 and 116 1/kg, which were obtained using the BKW-EOS and JCZ3-EQOS, re-
spectively [92].

For example, the calculated Vexp gas Of [2-nitro-3-(nitrooxy)-2-[(nitrooxy)methyl]
propyl]-nitrate (NIBTN) with the empirical formula C;H¢N,O1; is given as follows:

Vexp gas = 878.2 — 126.0(4/11) + 111.7(6/11) - 176.7(1)
=7171/kg.
The value of Vexp gas is 1.0 because NIBTN follows the two conditions, i.e.

(i) a=4and
(i) d-2a-b/2=11-2(4)-(6/2) =0.

The calculated Vexp gas is close to the measured value (705 1/kg) [1].

6.2.2 Power index

Since there are many different approaches for calculation of Qget and Vexp gas, it is
important to compare the power of a particular explosive with that of a standard ex-
plosive. For this purpose, the power index is defined as follows:

power index[H,0(g)] = Quet[H20(g)] x Vexp gas

= ,  (6.3)
(Qget[H20(g)] )picric acid X (Vexp gas)picric acid

H,0( Vex
power index[H,0(1)] = Qutet [H20(D)]  Vexp gas

= , (6.4)
(Q det [HZ 0 (1)] )picric acid X ( Vexp gas )picric acid

where power index[H,0(g)] and power index[H,O(l)] are the power indexes of an
explosive if the water present in the detonation products is in the gaseous and liquid
states, respectively. The use of experimental values of Qget[H20(g)] = 3350K]/kg,
Qaet[H20(1)] = 3437 KkJ/Kkg, and Vexp gas = 826 1/kg [1] gives

Quet[H20(8)] X Vexp gas
kJ 1
_ Quet[H20(8)] X Vexp gas

power index[H,0(g)] =

) (6.5)
6 KkJl
2.767 x 10 ke)?
H,0(1 V.
power index[H,0(1)] = Quet[H k§ U exlp =
_ Qaet[H20(D] x Vexp gas (6.6)

6 KkJ1
2.839 x 10 @
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Since different empirical approaches exist for Qget[H,0(g)] and Qget[H20(1)], as was
shown in Chapter 1, the use of these equations and equation (6.2) can be used to pre-
dict the power of an explosive.

6.2.3 Simple correlations for the prediction of power on the basis
of the Trauzl lead block and the ballistic mortar tests

There are several empirical methods which can be used for the prediction of the power
of pure and composite explosives based on the Trauzl lead block and the ballistic mor-
tar tests. The relative power determined by these methods is usually compared with a
desired energetic compound such as TNT. For the Trauzl lead block test, the relative
power of an energetic compound with respect to TNT (%frrauz1,TNT) IS given by

AVrauz1(energetic compound)

x 100, (6.7)
AV1raua (TNT)

%fTrauzl, INT =

in which AVryayz(energetic compound) and AVyau1(TNT) are the volume of expan-
sion for the explosive and TNT, respectively. If the average experimental value of
AV1raua(TNT) = 295 cm? [92] is used, equation (6.7) changes to

AVtauz (energetic compound) o
295 cm3

%fTrauzl,TNT = 100. (6.8)

The value %frrauz, TN Can be used to qualitatively characterize the power of an ener-
getic compound, if the error associated with it remains less than the error associated
with AVrrauz1. Therefore, it can be used for the quantitative comparison of the effect of
explosions for different energetic compounds. For the ballistic mortar test, the max-
imum swing of the mortar of a particular energetic compound relative to TNT is also
used and denoted by %fpaistic mortar, TNT here.

6.2.3.1 The Trauzl lead block test
Several methods have been developed for the prediction of %frauz, Tnron the basis of
different variables.

Specific impulse and heat of detonation

The specific impulse is used as a key measure of propellant performance. It can be
defined as the integral of the thrust per unit mass of compound over the time of com-
bustion. Due to the release of gaseous products during combustion, an energetic com-
pound develops thrust. Molecular structures of energetic compounds can be used to
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predict their specific impulse [94, 95]. It was shown that the detonation pressure and
detonation velocity can be related to the theoretical specific impulse [96, 97]. It is an
appropriate way for estimating the performance of a wide variety of ideal and less
ideal explosives. It was found that %frrauz,Tnt Can be related to the specific impulse
(Isp) and the heat of detonation for a wide range of energetic compounds by [98]:

%fTrauz, INT = —97.25 + 18.87Qqet[H20(1)] + 25.691sp, (6.9)

where Qqget[H,0(1)] and Isp are in KJ/g and Ns/g, respectively. Different computer
codes, such as the standard Naval Weapons Center propellant performance code
[99], NASA program computations [100], and ISPBKW [12], or empirical methods
[94, 95], can be used to calculate the specific impulse of energetic compounds. For
example, the calculated specific impulse for urea nitrate (CH;N30,) is 2.178 Ns/g. As
is shown in Tab. 1.2, the calculated Qget[H>O(1)] for urea nitrate using equations (1.19),
(1.20), and (1.22) is 3.484, 3.69, and 3.789 k] /g, respectively. The use of these values in
equation (6.9) gives

%fTrauzl,TNT = —97.25 + 18.87(3.484) + 59.59(2.178)
=98.28,

%fTrauzl, INT = —97.25 + 18.87(3.69) + 59.59(2.178)
=102.2,

%fTrauz, TNT = —97.25 + 18.87(3.789) + 59.59(2.178)
=104.0.

These values are close to the measured value %ftrayz1, TNt Of urea nitrate, which is
98.31[1].

Heat of detonation
For an energetic compound with general formula C,H,N.O4, it was found that
%fTrauz1,TNT Can be calculated by [101]

%fTrauz, INT = —45.88(a/d) + 26.23Qqet[H,0()], (6.10)

where Qqget[H>0(1)] is in kJ/g. For example, as was shown in Section 1.2.1, Qge¢[H,0(1)]
is 6.77 kJ/g for HMX, which gives the %frauz,7nT Value as

%fTrauzl,TNT = —45.88(4/8) + 26.23(6.77)
= 155.

The calculated value of %frrauz1, TNt iS Close to the measured value, whereby %ftrauz1, TNT
of HMX is in the range 145-163 [1, 102].
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The condensed and gas phase heats of formation

It was shown that the condensed and gas phase heats of formation of an ener-
getic compound with general formula C,HpN.O4 can be directly used to calculate
%fTrauz1, TNt @S follows [103]:

-8095a — 8993¢ + 38.71A:H(g)

9 =471.2
/oftrauzl, TNT "~ formula weight of explosive

, (6.12)

-6525a - 5059¢ + 21.74A¢H(c)
formula weight of explosive

%fTrauzl,TNT =373.2+ (6.12)
For example, as is shown in Section 1.3.1.1 and the Appendix, the values of AH%(g)
and AsH?(c) for HNS (C14HgNgO12) are 150 and 78.24 kJ/mol, respectively. The use of
these values in equations (6.11) and (6.12) gives

-8095(14) — 8993(6) + 38.71(150)
450.23

%fTrauzl,TNT =471.2 +
=112,

—-6525(14) - 5059(6) + 21.74(78.24)

%fTrauzl, INT = 373.2 + 450.23

=107.

These values are close to the measured value of HNS, i.e. %frsauz1, vt = 102 [1].

Molecular structure of an energetic compound
For energetic compounds with general formula C,HyN.Og4, it was shown that their
molecular structures can be used for the prediction of %frrauz, TNt s follows [104]:

%fTrauz1,TNT = 196.2 — 59.46(a/d) — 30.13(b/d)
+ 47'56fT+rauzl - 41'49f1?rauzl’ (6.13)

where fl_ - and f; . are two correcting functions for the adjustment of the under-
estimated and the overestimated values of %ftrauz,TnT Obtained on the basis of the
elemental composition. Table 6.1 shows the values of 7 and f;._ . in different pure
energetic compounds.
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Tab. 6.1: Values of f{, ., and fr_ .-

Molecular moieties f;rauzl fT'muzl Condition
R-(ONOy)x, x=1,2 1.0 — Without the other
R-(ONOy)x, x > 3 0.5 _ functional groups
except -C-NO,
R-(NNOy)x, x=1,2,... 0.5 —
R
Crom,
,X<2 0.8 — —
0

HZN )J\ N b

H - 1.0 -
phenyl-(OH)x or phenyl-(ONH,)x - 0.5x -
phenyl-(NH2) or phenyl-(NHR), - 0.4x —
phenyl-(OR)x — 0.2x —
phenyl-(COOH), - 0.9x -

The following equation can be used to obtain acceptable results for mixtures of ener-
getic compounds:

%fTrauzl, INT = zxj(%fTrauzl,TNT)j, (6.14)
j

where x; is the mole fraction of the j-th component in the energetic compound mix-
ture. For example, the value of %frrauz1, tnt for pentolite-50/50 containing 50 % PETN
(CsHgN4012) and 50 % TNT is calculated from equations (6.13) and (6.14) as

(%f Trauz1, INT)PETN = 196.2 — 59.46(5/12) — 30.13(8/12) + 47.56(0.5) — 41.49(0)
=174,

%fTrauzt, INT = XTNT(%0fTrauz1, INT)TNT + XPETN(%0fTrauzl, INT)PETN

50 560
_ 227.13 316.14
- ( 50 50 ) (100) + ( 50 50 ) (174)

227.13 * 316.14 227.13 * 316.14
— (0.582)(100) + (0.418)(174)

=131.

The measured %frrayz1, TNt fOr pentolite-50/50 is 122 [105].
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6.2.3.2 The ballistic mortar test
To assess the power of energetic compounds with the general formula C,H,N.O4
through the ballistic mortar test, the following correlation can be used [106]:

%fbal]isﬁc mortar,TNT = 113 - 5.16(1 + 2.79C + 3.61d - 46'18fb_alhst1c mortar* (6.15)

The parameter f, ;. mortar €211 P€ used to correct overestimated values based on the

elemental composition as follows.

(i) Dinitrosubstituted benzene or those energetic compounds with the condition
d-(a+ g) > 8: the value of f,_ . mortar 1S 0-7-

(ii) Specific energetic compounds: For energetic compounds complying with one of
the following conditions (1) a = 0, (2) b = 0, (3) the presence of the molecular
fragment ~-NH-CO-NH-: the value of f__ ;i mortar €quals 1.0.

The following equation can be used to obtain acceptable results for mixtures of ener-
getic compounds:

%f ballistic mortar, TNT = z Xj (%f ballistic mortar,TNT) je (6-16)
j
For example, the value of %fhanistic mortar,TNT for AMATOL80/20 containing 80 %
NH4NO;3 (AN) and 50 % TNT is calculated from equations (6.15) and (6.16) as

(Yofbaliistic mortar, INT)AN = 113 = 5.16(0) + 2.79(2) + 3.61(3) - 46.18(0)
=129,

%fballistic mortar, TNT = X1NT(Y0fballistic mortar,TNT)TNT + XAN (Yofpallistic mortar, TNT)AN

50 50
227.13 80.04
:<—50 = )(100)+(—50 =5 )(129)

227.13 © 80.04 227.13 " 80.04
= (0.261)(100) + (0.739)(129)

=121.

The experimental value of %fpanistic mortar, TNt for AMATOL 80/20 is 130 [107].

6.3 Prediction of brisance

Upon detonation of an explosive, high pressure is created in its shock wave that will
shatter rather than displace any object in its path, while subsequent expansion of the
gases performs work. Brisance shows the ability of an explosive to demolish a solid ob-
ject which is in direct contact or in the vicinity of the detonation wave impact. Thus,
the shattering power of an explosive by brisance is different from the total work capac-
ity of an explosive. Brisance shows the speed with which the explosive reaches its peak

printed on 2/13/2023 3:27 AMvia . All use subject to https://ww.ebsco. confterms-of-use



6.3 Prediction of brisance =— 89

pressure. It has practical importance because it determines the effectiveness of an ex-
plosive in military applications such as fragmenting shells, bomb casings, grenades,
and mines, as well as in imparting high velocities to the resulting fragments. There-
fore, it may be related directly to the detonation pressure or detonation velocity, and
indirectly to the heat of detonation. Investigation of the reported sand crushing tests
of pure energetic compounds and their mixtures with general formula C,H;N.O4, as
well as aluminized explosives, has shown that the following correlation can be used
to predict the brisance of an explosive with respect to TNT [108]:

%fbrisance,TNT =85.5+4.812c + 2.556(d -a- b/2)
+ 19'69f b+risance =35 '96f l;risance’ (6'17)

where %fprisance,TNT 1S the relative brisance with respect to TNT, and fgrisance and
fosisance @€ correcting functions (positive and negative) for the values obtained on the
basis of the elemental composition. For example, the value of %fyrisance, TNt fOI tetryl
(C7H5N50g) can be calculated as follows:

%fbrisance,TNT = 85.5 + 4.812(5) + 2.556(8 - 7 - 5/2)
+19.69(1) - 35.96(0)
=125.

The experimental value of %fprisance TnT iS in the range 113-123 [109].

6.3.1 Prediction of f;risance andf, . . for pure energetic materials
The values of f. . and f, ;. . depend on the presence of certain molecular moi-

eties in the molecular structure of pure C,H, N.O,4 energetic compounds, and are spec-
ified in Tab. 6.2.

Tab. 6.2: Values of f.... .and fo . .

Energetic compound or molecular fragment f;risance Forisance

(CH,0NO3),,, C(CH,0NO3),, (CH2-NNO3),,, or (-HN-NO3),, where n < 4 1.0 -
and aromatic —-N(NO,)-
0 (orN)

N - 1.0
Only —ONO, along with -COO- — 2.0
More than one -C-0-C- — 1.5
Nitramine group - 1.0
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6.3.2 Brisance for mixtures and aluminized explosives

For mixtures of different energetic components, if at least one component follows
the conditions given in Tah.6.2, f; ... . and f, .. . are equal to the values speci-
fied by them. Thus, equation (6.17) can easily be calculated for explosive mixtures
from knowledge of the composition and empirical formula. For example, the calcu-
lated %fbrisance,TNT for 60/40 EDNA/TNT (Ednatol) with formula C2,033H3.281 N2.12902.657
containing 60 % ethylene dinitramine (C;H¢N;O4) and 40 % TNT is

%fbrisance, INT = 85.5 + 4.812(2.129) + 2.556(2.657 — 2.033 — 3.28/2)
+19.69(1) - 35.96(0)
=112.

The measured value of %fyyisance, TnT iS in the range 112-117 [109].

For aluminized explosives, the partial equilibrium prediction gives better results
than the full equilibrium condition, because aluminum can interact with the detona-
tion products. The following correlation can be used to predict the brisance of alu-
minized explosives with general formula C,HyN.O4Al, as

(%fbrisance,TNT)aluminized explosive = -42.87(d-a-b/2) + 146.71e, (6.18)

where (%fprisance, TNT)aluminized explosive 1S the relative brisance with respect to TNT for
aluminized explosives. As is shown in equation (6.18), there is no need touse f,/ . .
and f, ;... for aluminized explosives. For example, torpex (45/37/18/RDX/TNT/AI)
comprising 45 % RDX, 37 % TNT, and 18 % powdered aluminum with the empirical
formula C;.749H3,031N1.70502.194Alg 667 is particularly useful in underwater munitions,
because the aluminum component has the effect of making the explosive pulse
last longer, which increases the destructive power. The use of equation (6.18) gives
(% fbrisance, TNT )aluminized explosive dS

(%fbrisance,TNT)aluminized explosive = — 42.87(2.194 -1.749 - 2.031/2)
+146.71(0.667)
=122.

The measured value of (%fprisance, INT)aluminized explosive 1S also 122 [109].
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Summary

This chapter has reviewed several empirical methods for the prediction of the power
and brisance of energetic compounds. The methods which have been introduced for
the assessment of the power were based on the Trauzl lead block and the ballistic
mortar tests. Due to the existence of a large amount of experimental data from the
Trauzl lead block test in the open literature, several approaches are available for the
assessment of the power of an energetic compound using this test. Meanwhile, one
model has been introduced for the prediction of the brisance of energetic compounds
and aluminized explosives measured by the sand crushing test.

Questions and problems

Hint
The necessary information for some problems are given in the Appendix.

(1) Calculate the volume of explosion gases for butane-1,2,4-triyl trinitrate (C,H;N30o).

(2) If the values of Qget[H,0(1)] and Isp for ammonium picrate are 3.046 kJ/g and
2.143 N s/g, respectively, calculate %frrauz, TNt USing equation (6.9).

(3) If{3-[3-(nitrooxy)-2,2-bis[(nitrooxy)methyl]propoxy]-2,2-bis[(nitrooxy)methyl]
propyl} (CioHiNgO19) has Qqet[H2O(1)] = 6.629 KJ/g, calculate %frrauz, Tt USIng
equation (6.10).

(4) Calculate %frrauz, Tt for 1,3,3-trinitroazetidine (TNAZ) and 2,4,6,8,10,12-hexa-
nitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20)
(a) using equation (6.11) if the gas phase heat of formation of TNAZ and CL-20 are
127.8 and 676.0 kJ/mol, respectively;
(b) using equation (6.12) if the condensed phase heat of formation of TNAZ and
CL-20 are 14.48 and 414.22 k]J/mol, respectively.

(5) Using equation (6.13), calculate %frrauz, Nt for AN/TNT (80/20).

(6) Use equation (6.15) to calculate %fhanistic mortar, TNt fOr 1,1,1,3,5,5,5-Heptanitro-
pentane (CsHsN;014).
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92 —— 6 Power (strength)
(7) Use equation (6.17) to calculate %fpyrisance, Nt for 30/70 TNT/Tetryl (Tetrytol)
(C2.632H1.88N1.61602.744)-

(8) Use equation (6.18) to calculate %fyrisance,Tnt fOr 29/49/22 TNT/HMX/AL (HTA-3)
(C1.801H2.016N1.66402.192Al0.667).

n For answers and solutions, please see p. 95
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Answers to Questions and Problems
Chapter1

(1) According to equation (1.5), the more positive the value of the condensed phase
heat of formation of an explosive is, the higher the value of the heat of detonation.

(2) Quet[H0(D)] = 4.94k]/mol; Qaet[H20(g)] = 4.48 k]/mol.

(3) Ethyl nitrate: Qqget[H,0(1)] = 3.63 kJ/g from equation (1.16);
TATB: Qget[H20(1)] = 3.06 kJ/g from equation (1.15).

(4) (@) Quaet[H20(1)] =2.763K]/g.
(b) Qget[H,0(1)] = 4.835 kJ/g from equation (1.10);
Qq4et[H>0(1)] = 2.901 Kk]J/g from equation (1.11).
(c) Equation (1.11) > equation (1.17) > equation (1.10).

(5) (@) Quet[H20(1)] = 2.988K]/g (Dev = 0.16k]/g).
(b) Quet[H20(D)] = 5.772KJ/g (Dev = 0.54kJ/g).
(€) Qqet[H0(D)] = 4.364K]/g (Dev = 0.39K]/g).
(d) Quet[H20(D)] = 7.211KkJ/g (Dev = 0.44K]/g).

(6) 6.88K]/g.
(7) 2.587K]/g.
(8) NTO: Qget[H,0(1)] = 2.856kJ/g (Dev = 0.29 kJ/g) from equation (1.22);
Q4et[H0(1)] = 4.711K]J/g (Dev = —1.56 KJ/g) from Rice and Hare.
CL-20: Qget[H,0(1)] = 6.525K]/g (Dev = —0.21kJ/g) from equation (1.22);
Qaet[H0(1)] = 6.945K]/g (Dev = —0.63 KJ/g) from Rice and Hare.

FOX7: Qget[H,0(1)] = 5.019Kk]/g (Dev = —0.58 k]/g) from equation (1.22);
Qq4et[H0(1)] = 5.971K]J/g (Dev = —1.53 KJ/g) from Rice and Hare.

DOI110.1515/9783110521863-009
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94 — Answers to Questions and Problems

Chapter 2

(1) Since the heat of detonation is proportional to the detonation temperature, a more
positive value for the condensed phase heat of formation of an explosive results
in a higher value for the detonation temperature.

(2) 3554K.
(3) 4689K.
(4) 3965K.

Chapter 3

(1) (a) Detonation velocities from equations (3.2) and (3.3) are 8.75 km/s and 8.80 km/s
(b) Percent deviation of the calculated detonation velocities by equations (3.2)
and (3.3) are —0.79 % and -0.23 %.

(2) 8.50km/s.
(3) 8.81km/s.
(4) Dget,max from equations (3.6) and (3.7) are 7.56 and 7.36 km/s, respectively.
(5) 798 km/s.
(6) 746km/s.
(7) 779km/s.

Chapter 4
(1) () ngyg = 0.0410mol/g, Mygas = 24.36 g/mol, and Qqet[H20(g)] = 4.26 K]/g.
(b) 304 Kkbar, 6.1%.
(2) 311Kkbar.
(3) 301kbar.
(4) 167 kbar.
(5) 187 kbar.
(6) 176 kbar.
(7) 246Kkbar.
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Answers to Questions and Problems =— 95

Chapter 5

(1) R-Rp= 6.0mm — Veytinder wail = 1.590 km/s
R -Rg =19.0mm — Vylinder wal = 1.769 km/s.

(2 (@) (V2Eg)yg-x = 2.63km/s, (\/2Eg)x-r = 2.65 km/s, and /2E; = 2.63 km/s.
(b) 2.63km/s.

(3) 2.29km/s.

Chapter 6

(1) 9091/kg.
(2) ss.
(3) 150.

(4) (@) %frrauz, TNt for TNAZ and CL-20 are 185 and 176, respectively.
(b) Y%frraua, Nt for TNAZ and CL-20 are 169 and 168, respectively.

(5) 148.
(6) 157.
(7) 112.
(8) 124.
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and heats of formation for pure
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