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Abstract 
 

Aluminum (Al) powders are used in military explosives to increase reaction 
temperature, blast and incendiary effects. Tests show, however, that the energetic 
performance parameters are significantly lower than parameters calculated by 
thermodynamic computer codes. In this paper we study the various energetic 
parameters for aluminized explosives such as calorimetric energy, enthalpy, free 
energy and work of explosion. The calculations are compared with experiments. 
In general, due to irreversible processes, none of the energy concepts commonly 
used in the literature will be good measures of effectiveness of aluminized 
explosives. After an adiabatic expansion of an aluminized explosive the 
temperature of the detonation products will be significantly higher than the 
surrounding air. The pressure of the surrounding air will increase because of 
mixing and thermal radiation from the detonation products. The available work 
from this process can damage structures. A heat machine is used between the hot 
detonation products and the cold surrounding air in order to calculate this work. 
The work of the heated surrounding air will be of the same size as the work of 
explosion for the explosive RDX with an Al content of 50 % by weight.  
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1 Introduction 
 

The addition of metal particles to energetic materials is a well-known method 
to improve their efficiency. Aluminum (Al) powders are widely used in 
pyrotechnics, rocket propellants, and explosives. Al is added to propellants to 
increase the thrust, whereas in military explosives it enhances air blast, incendiary 
effects, and bubble energies in underwater weapons. Another advantage of 
aluminized energetic materials is that their reaction products are environmentally 
friendly. Finally, the materials have in general relatively low production cost. 
 

Combustion of Al particles in explosives is assumed to occur behind a 
detonation front, i.e. during the expansion of gaseous products. The Al particles 
act as inert ingredients during a period of time [1]. Detonation velocity 
measurements and calculations of Al enriched RDX have shown that Al behaves 
in the reaction zone in the same manner as a chemical inert admixture [2],[3]1. 
Therefore, the aluminized composite explosives can be classified as non-ideal, as 
they exhibit detonation properties different from those predicted at equilibrium. 
The high degree of secondary exothermal reactions occurring when the detonation 
products expand behind the detonation zone is a characteristic feature of non-ideal 
explosives2.  
 

Blast performance on structures can be represented by points in a so-called 
P-I diagram, where P is the peak pressure and I is the impulse, which is the time 
integral of the pressure generated by the energetic material. A critical (threshold) 
curve is described by P as a function of I. A point in the P-I diagram above this 
threshold curve leads to destruction of the structure. In Al enhanced explosives 
the oxidation reaction only produces liquid or solid aluminum oxide (alumina, 
Al2O3) and a mechanism for enhanced blast due to the Al is the enhanced Gibbs  

                                                 

1 It has been suggested that loading density and atomic composition of the explosive can be 
integrated into an empirical formula for prediction of the detonation pressure of aluminized 
explosives [4]. 
2 Existing computer codes such as BKW, RUBY and later offspring as TIGER, CHEQ and 
CHEETAH [5] make it possible to estimate detonation parameters of explosives. The codes 
require empirical equations of state. The calculations also assume chemical equilibrium, but there 
is a question to what extent this requirement is met for mixtures of high explosives containing Al. 
Non-ideal explosives are often poorly modeled by Chapman - Jouguet (C-J) theory because the 
C-J assumption of instantaneously thermodynamic equilibrium does not hold. It is well known that 
the C-J detonation pressure of non-ideal explosives may be significantly lower than the pressure 

calculated by available thermodynamic codes [1],[4].  
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free energy of explosion. The pressure would be much more prolonged in time 
(and thus exhibits a much larger I) compared to ordinary explosives. The high 
energy of the reaction gases is also used to heat the surrounding air. When this air 
expands the pressure increases (thermobaric effects) and may damage structures. 
Moreover, the increased temperature makes the air less dense than the 
surroundings. When the hot air cools down, the pressure will drop substantially 
[6], leading to various kinds of damages on the surroundings. 

 
Fuel air explosives (also called thermobaric explosives/weapons) with 

organic fuels have been known since the 1960’s. Such compounds have a high 
negative Gibbs free energy of reaction, but only a moderate detonation pressure. 
However, due to an enhanced impulse the blast effect of such explosives is higher 
than ordinary high explosives. In fuel air explosives atmospheric oxygen is used 
as an additional oxidizer for the explosives. Metal fuels with high negative Gibbs 
free energy per mole of consumed oxygen (e.g. Al), are therefore also used as 
additives in thermobaric explosives. When a warhead detonates, for instance 
inside the hull of a ship, the ship structure will in the first-hand experience a shock 
loading and then a quasi-static pressure, the latter being a determining factor for 
the structural damage. Optimal performance is achieved when the quasi static 
pressure is sufficiently high to breach the dividing walls between the 
compartments in the ship structure. Afterburning may subsequently occur by 
reactions with oxygen in the available air in the neighboring compartments [7],[8]. 
A proviso for this is that the Al content and particle size will not reduce the 
fragment effects in a significant way. In open air the afterburning will be far from 
complete due to the rapid expansion and cooling of the fireball. When the reaction 
products expand and mix turbulently with the air, the temperature of the gases 
decreases rapidly, leading to termination of the combustion process. Therefore, 
small metal particles should be preferred as they burn faster. Trzcinski et al. 
studied blast waves and found that the maximum impulse occurred at an Al 
content of around 30 %. The peak value was approximately 15 % higher than that 
of pure RDX [9]. Furthermore, they asserted that the overpressure peak of the 
incident wave was comparable to or lower (by 5 to 17 %) than that for RDX. It 
was concluded that in general the blast performance was only slightly increased. 
However, it has been shown that for a gelled based metal enhanced fuel air 
explosive (metal content of approximately 60 %), air blast surpasses the energy 
density of conventional propylene oxide fuel air explosives. TNT equivalents of 
500 % have been observed [6]. Enhanced blast weapons are primarily designed to 
neutralize bunkers, caves and enclosed structures (see reference [10] for a review 
of thermobaric weapons).  
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In confined spaces, transition to full detonation is not required to achieve 

enhanced blast. When an explosive charge detonates in a closed chamber 
reverberating waves will for a short time determine the pressure-time history in 
the chamber. After several reflections an equilibrium pressure will be reached, 
assuming there will be no heat loss to the chamber during this short period of time. 
In addition, for confined space and low loading densities sufficient oxygen is 
available in the air to complete mixing and oxidation. The post-explosive 
temperature is commonly between 2500 K and 4000 K in confined spaces, and it 
will remain high for a long time, allowing the explosion products and the 
available air to reach thermodynamic equilibrium. (The optimum Al content for 
maximum blast effect is then at least 50 %.) These results for confined spaces are 
probably also applicable to conditions where the confinement is not entirely 
complete, for instance when a detonation chamber is connected to the open air by 
a tunnel. 

 
For semi confined explosions, however, the conclusion is not obvious. It is 

conceivable that walls will be blown out before Al will be appreciably mixed with 
air and oxidized. The energy of explosion will depend on the available air oxygen 
to an extent which is related to the oxygen deficiency. The addition of about 40 % 
Al to high explosives like RDX or HMX leads to significant enhancement of the 
calorimetric heat of explosion (also called energy of explosion or energy of 
detonation) [9]. This enhancement is typically around 40 %, which is substantially 
lower than predicted from theoretical calculations. 

 
To estimate the degree of afterburning of the detonation products in confined 

or semi confined chambers, explosions are performed in a closed chamber with 
different atmospheres. It has been found that the quasi static pressure in closed 
compartments is much lower than what is calculated thermodynamically, but may 
be around 20 % higher than for pure RDX when 45% Al is added. The pressure is 
indeed much higher than the pressure calculated by the assumption of inert Al. 
This shows that Al reacts with oxygen from the air in the chamber and with RDX 
decomposition products [9]. It has been found that the quasi static pressure in a 
chamber filled with air is higher than if the chamber is filled with nitrogen or 
argon. Analyses of the chamber residues after detonation (0.15 m3 chamber, 200 
gram explosive), have revealed that only in air alumina constitutes the residues 
entirely. This means that the Al that has not reacted in the detonation/combustion 
wave is fully oxidized in expanding and re-shocked RDX products, consuming 
oxygen from air [3].  
 

Due to the slow reaction rate during the use of aluminized explosives, there 
is a question of which thermodynamic quantity should be used as a measure of  



Energetic measures of effectiveness of aluminized explosives            1055 
 
 
effectiveness. The released calorimetric energy (heat) of explosion (detonation) is 
easy to calculate when the chemical composition of the explosion products is 
known, and this quantity has frequently been used as a measure of the blast 
energy. It is defined to be the difference in the internal energy during constant 
pressure and temperature between two states (we call it –ΔUP,T ≥0). It can be 
found experimentally (although approximately) by using a calorimetric bomb.  

 
The theoretical maximum work an explosive can deliver during constant 

pressure and temperature is theoretically restricted by the negative change in 
Gibbs free energy (the change is defined as the Gibbs free energy of the explosive 
minus the Gibbs free energy of the explosive products, we designate it –ΔGP,T). It 
has for a long time been used as a measure of blast energy [11]. Experience has 
indicated that the change in Gibbs free energy can be used as an adequate measure 
of the energy that is available for explosive yield [11]. For aluminized explosives, 
however, the change in Gibbs free energy is experienced neither in practice nor 
theoretically. During an explosion the first reaction step is an almost adiabatic 
decomposition of the explosive to reaction products during constant volume and 
internal energy. The entropy may increase significantly due to irreversible 
processes, but no external work can be utilized. In the next step reaction products 
expand adiabatically and to a good approximation also isentropically. The work of 
explosion is defined as the line integral of the pressure with respect to volume 
during the adiabatic expansion to the state where the pressure of the reaction 
products equals the external pressure. The brisance ability of the explosive is 
associated with the work of explosion. Theoretical calculations show that it should 
reach a maximum at around 30 % Al and 70 % RDX with a maximum value that 
is approximately 40 % larger than for pure RDX per unit mass. By comparing the 
expansion velocity (and energy) of rapidly expanded cylinders it was found that at 
a volume expansion of a factor nine, the energy was lower than theoretically 
calculated. It was even lower than for pure RDX per unit mass [2].  

 
After the adiabatic expansion of decomposition gases from aluminized 

explosives the temperature of the reaction products is usually much higher than 
the temperature of the surroundings. The temperature increases with increasing Al 
content and varies from 600 K to 2300 K. The Carnot process is in principle the 
optimum way of making additional mechanical work available (work of Carnot) 
through a heat machine running between the warm reaction gases and the cold 
gases of the surroundings. Obviously, the level of the ideal Carnot process is in 
practice not reached. However, the surrounding air will be heated thermobarically 
by the warm reaction gases, leading to higher pressures. When this air expands it 
may damage structures. Moreover, when the heated hot air cools down, the 
pressure will be considerably reduced. Such a vacuum effect may cause different  
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types of damages on the surroundings. In principle a part of the work of Carnot 
can therefore be utilized as additional work on structures by the heated gases of 
the surroundings. The sum of the explosion work and the work of Carnot is the 
maximum theoretical mechanical work that can be delivered by the reaction 
products of the explosives. This work is less than –ΔGP,T due to irreversible 
processes, especially from the first to the second state mentioned above. In 
addition, as the temperature of the reaction gases are quite high (the frozen 
temperature of the detonation products is usually assumed to be in the region 
1800 K to 2100 K), the gases may directly cause harmful impact on objects, 
persons or the environment. 

 
The work of explosion and the work of Carnot are difficult to calculate since 

the equation of state as well as the calorimetric equation of state must be available 
to compute the line integral. The explosion work is also difficult to measure, but 
Gurney energies have been used [2]. As an estimate, the negative change in the 
explosion enthalpy (-ΔHP,T) is often employed as a substitute. The change in 
enthalpy accounts for the explosion work. However, it also includes the change in 
the internal energy from the state reached after adiabatic expansion to the state 
where the reaction products have the same temperature and pressure as the 
surroundings (the thermal energies). The change in enthalpy therefore includes a 
fraction of the work of Carnot. Consequently, –ΔHP,T is numerically too large to 
give a good - although feasible - approximation to the explosion work. The 
change in enthalpy is also difficult to measure, and the calorimetric energy of 
explosion (detonation) is usually a good approximation to the change in enthalpy. 
Theoretically, different results have been reported due to a diversity of chosen 
freezing temperatures of the reaction products. Below the freezing temperature the 
reaction products are assumed to be unaltered (i.e. frozen due to low kinetics). 
Temperatures from 1000 K to 2100 K have been commonly chosen to fit data. An 
issue is the variation of the freezing temperature with different types of reaction 
products and content of Al. 

 
Nanometric Al particles or flakes have recently become available in 

quantities large enough for introduction into energetic materials. The most known 
product is the ultrafine Al powder “Alex”. Alex is comprised of spherical particles 
(diameter 100 nm to 200 nm). Because of their large surface areas, addition of 
nanopowders may increase the burn rate for some propellants. However, it is 
suggested that for high explosives even nanoparticles (diameter in the region 
10-100 nm) do not participate in the detonation front. Lefrancois et al. found that 
nanometric Al powder does not have any significant effect on the detonation 
velocity, but leads to lower cylindrical expansion velocities [12]. On the other 
hand, smaller particles enhance the underwater impulse and bubble effect to a  
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great extent. It was concluded that the added metal particles led to increased 
energy that was stored by oxidation. Transfer of this energy towards the gaseous 
phase by conduction and convective heat transfer is a long time phenomenon 
which may occur from within a few hundred microseconds up to a few 
milliseconds. It can modify the gas thermodynamics considerably and may also 
alter the acoustic waves, thus enlarging the blast and underwater effects at long 
distances [12].  

 
Explosive performance can be determined by detonation velocity and plate 

dent depth tests. Various plastic-bonded explosives (PBX) and TNT based 
compositions have been formulated to compare ultrafine and conventional 
micron-sized Al. For PBX compositions, no significant differences were detected 
between formulations containing micron-sized and nanometric Al. For mixtures of 
TNT and ultrafine Al, however, improvements have been observed in the velocity 
of detonation and in plate dent depths [13]. It was found that addition of 
nanometric Al particles actually led to a decrease of the expansion rate of rapidly 
expanded cylinders rate compared to larger particles [12]. It was suggested that 
the main reason for this is the presence of an initial alumina layer at the outer 
surface of the particles. A 3 nm alumina layer thickness resulted in an alumina 
content of 19% (by weight) on some of the 100 nm Al particle samples. There was 
no increase in air-blast performance by nanometric Al [13].  

 
Although the alumina layer is an issue for nanometric Al particles, it is 

known that Al nanoparticles are more reactive than conventional micron-sized 
particles3. The maximum energy one could expect to gain from Al combustion is 
from an isolated Al atom. In that case the enhancement over bulk Al is an increase 
of the energy release by approximately 40 %. This energy coincides with the 
enthalpy of sublimation. However, by using the bulk value of the surface energy 
of Al of around 1 J/m2, this enhancement in energy output is reduced by a factor 
of 1.04 when the particle diameter is 1 nm. Thus, the increased reactivity of 
nanoparticles must be attributed to the kinetics rather than to the thermodynamics 
[16].  
 

In Section 2 below we account for energy concepts such as calorimetric 
energy (heat) of explosion, work of explosion, enthalpy of explosion and Gibbs 
free energy of explosion. In Section 3 we compare experimental and theoretical 
results for different mixtures of RDX and Al. Conclusions are drawn in Section 4. 
 
                                                 

3 Different types of coating have been used to modify properties of nanoparticles [14],[15] 
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2 Changes in energy during reaction 
 

The Gibbs free energy G, Helmholtz free energy A and the enthalpy H are 
defined by  
 

, ,
def def def

G U PV T S A U T S H U PV= + − = − = +                            (2.1) 

 
where “def” means definition. During explosion we assume as a first reaction step 
(state 1 to state 2) that the internal energy U and the volume V are constant, and 
the system is isolated (the entropy would still change due to irreversibility). The 
total energy of the system does not change from state 1 to state 2, although the 
ratio between the kinetic energy and the potential energy increases. 
 

Assume that the second step (state 2 to state 3) is an adiabatic expansion to 
the state where the pressure of the reaction products equals the outer pressure

3 3,roomP P P T T= = = . Finally, assume cooling (from state 3 to state 4) such that 
the temperature and pressure becomes the same as in state 1: 

4 4,room roomP P P T T T= = = = . We have from state 1 to state 4 that 
 

, , , ,

, ,

P T P T room room P T P T room

P T P T room

G U P V T S A P V
H U P V

Δ = Δ + Δ − Δ = Δ + Δ

Δ = Δ + Δ
                  (2.2) 

 
The calorimetric energy of the explosive is defined to be ,P TUΔ . To a good 

approximation we have that  
 

, , , , , ,

, , ,

P T P T room room P T P T room P T P T

P T P T room P T

G U P V T S U T S A
H U P V U

Δ = Δ + Δ − Δ ≈ Δ − Δ = Δ

Δ = Δ + Δ ≈ Δ
          (2.3) 

The mechanical work is often of interest since it correlates with the ability of 
the explosive to damage structures. To study the mechanical work more 
fundamentally, consider a closed chamber (system) with volume V. The first 
fundamental law of thermodynamics states that for a closed system 
 

mod

un unU W W Q W U W QΔ = Δ + Δ + Δ ⇒ − Δ = −Δ + Δ + Δ                (2.4) 
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where “mod” means model assumption. W−Δ  is the useful external work (we 
choose sign such that the external work done by the surroundings on the system is 
defined to be positive), unWΔ is the useless work, UΔ is the change in internal 
energy, and QΔ  is the heat change (defined to be positive during influx of heat 
and negative during out flux). It follows that the external useful work equals the 
change in the internal energy, plus a work due to the useless work, plus a term due 
to heat change. To fix the ideas we set un roomW P VΔ = − Δ , where roomP  is the 
external pressure (pressure in the room) and VΔ is the volume change.  
 

Next, the second fundamental law of thermodynamics states that for a closed 
system (no mass flux) 
 

mod
Q T SΔ ≤ Δ                                                        (2.5) 

where S is the entropy and T is the temperature of the closed system. From (2.4) 
and (2.5) it follows that 
 

roomW U P V T S−Δ ≤ −Δ − Δ + Δ                                       (2.6) 

 
At constant pressure and temperature the equations (2.4), (2.5) and (2.6) give 

 
, , , , ,

, , , , , , ,

0

, ,

( ) ( )

0

P T P T P T P T P T

room P T P T P T P T P T P T P T

P T P T

G U PV TS U P V T S
P V W Q P V T S W Q T S W

W G
≤

Δ = Δ +Δ −Δ = Δ + Δ − Δ

= − Δ +Δ +Δ + Δ − Δ = Δ +Δ − Δ ≤ Δ

⇒ ≤ −Δ ≤ −Δ

1442443
 (2.7) 

which states that the mechanical work during constant pressure and temperature is 
always less than or equal to the change in Gibbs free energy. 
 

Next, we will calculate the mechanical work more explicitly. From state 1 to 
state 2 we only have an entropy change, and no work can be performed. The volume 
of the reaction products expands adiabatically from state 2 to state 3. This work of 
explosion eW  is by definition given by 
 

( ) 0
def

e
roomW P P VΔ = − Δ ≥                                          (2.8) 
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During adiabatic expansion we have QΔ =0, and we have from equation (2.4) 
when using that un roomW P VΔ = − Δ  
 

room roomW U P V Q U P VΔ = Δ + Δ −Δ = Δ + Δ                              (2.9) 

 
The work of explosion work is the negative work, to read 
 

( )e
room roomW P P V W U P V U P VΔ = − Δ = −Δ = −Δ − Δ ⇒Δ = − Δ             (2.10) 

 
Using the equation of state P = ( , )P V T , and a calorimetric equation of state  

( , ) ( , )U U V T T T V U= ⇔ = , equation (2.10) can be written as a differential 
equation for the adiabatic relation ( ), ( )ad adU U V P P V= = , to read 
 

( , ( , ) ( , ( , )ad
ad ad ad

e
ad

room

dUU P V T V U V P V T U V
dV

dUdW P
dV dV

Δ = − Δ ⇒ = −

= − −
                 (2.11) 

 
Then we achieve that the work of explosion becomes 
 

( ) ( )

( )( ) ( )

( ) ( )( ) }{

2 3 3 2 1 3 3 1

3 3 3 3 3 3

3 3

( ) ,

, , ( ) , , ( ) ,

( )

( ), , ( ) , ( ) , , ( )

e
ead

room room room room

room ad ad

ad

ad ad ad ad

dUdW P W P U U P V V U U P V V
dV dV

P V T V U V T T V U V

U V U

U U V T T V U V P P V P V T V U V

=− − ⇒ = − − − = − − −

= =

=

= = = =

(2.12) 

 

The temperature 3T  is in general larger than roomT . In that case the Carnot 
process can be used to calculate additional mechanical work from the reaction 
products. This is the second part of the mechanical work. We call it the work of 
Carnot cW . We find it mathematically correct to define an infinitesimal Carnot 
cycle for which we have 
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3

1c c roomTW Q
T

⎛ ⎞
Δ = Δ −⎜ ⎟

⎝ ⎠
                                             (2.13) 

where cQΔ  is the heat soaked out from the hot reservoir for each cycle. The 
temperature in the hot reservoir (reaction products) will decrease for each cycle. 
We may run the infinitesimal cycle an infinite number of times. We assume that 
this is carried out by heat conduction only. We can thus write that 

cU Q QΔ = Δ = −Δ , where UΔ  is the change in the internal energy of the 
reservoir of reaction products at constant volume. Then the work of Carnot 
becomes 
 

( )3 3

3 31 ( ) ( ) ( ) ( )
'room room

T Tc c croom
room room roomT T

TW dW dQ U T U T T S T S T
T

⎛ ⎞= = − = − − −⎜ ⎟
⎝ ⎠∫ ∫  (2.14) 

 
The mechanical work now becomes  
 

{ { { ( ) { {2 3 3 2 3 4 3 4

2 4

e

e room room

c

Thermal energyW
e c

room room
Mechanical work Work of explosion Work of Carnot T T T TWork of explosion W

Work of Carnot W

Calorim

W W W U U P V V U U T S S

U U

≈

= ==

=

⎛ ⎞
⎜ ⎟= + = − − − + − − −
⎜ ⎟
⎝ ⎠

= −

64748 64748

14444244443
1444442444443

( ) ( ) ( ) ( )

( ) ( )

3 2 3 4 1 4 3 1 3 4

1 4 3 1 2 4

2 1 2 1 2 3, ,

etricenergyof explosion

room room room room

H

room room

P V V T S S U U P V V T S S

U U P V V T S S
V V U U S S

−Δ

− − − − = − − − − −

≈ − − − − −

= = ≈

64748

144444424444443

(2.15) 

 
During the adiabatic expansion of the gases from state 2 to state 3 the 

entropy is not completely constant, but in practice we may apply the 
approximation 2 3S S≈ . 
 

It is notable that the mechanical work W is lower than the change in internal 
energy by two terms. One is due to the work against the external pressure. This 
term is usually small, and can be neglected. The second term is due to the entropy 
change and may be of a significant size.  
 
Assume that the change in entropy from state 1 to state 3 is called 

13 3 1 0S S SΔ = − ≥ . Equation (2.22) then becomes  
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( ) ( )1 3 1 1 13

, 13 , 12

00

( ) ( ) ( ) ( )room room room room

P T room P T room

W U T U T P V V T S T S S T
G T S G T S

≥≥

= − − − − + Δ −

= −Δ − Δ ≈ −Δ − Δ
142431243

         (2.16) 

 
This shows that total mechanical work W (i.e. explosive work + work of Carnot) 
is lower than ,P TG−Δ by the term 13roomT SΔ . The reason for this is that from state 
1 to state 3, 0 Q T S= Δ < Δ . We account for the ideal equation of state and an 
ideal calorimetric equation of state in Appendix A. 
 
 
 
3 Experimental and theoretical results with RDX/Al mixtures 

 
 
The reactions were studied by applying the NASA Glenn’s computer program 

Chemical Equilibrium with Application, version 2 (CEA2) [17]. We have also 
compared the results with CHEETAH calculations and measurements carried out by 
Trzcinski et al. [2],[9]. In reference [9] in Table 1 interesting studies on free field 
and confined explosions of Al enriched RDX compositions were performed. In 
Table 1 we have compared the published results on the calorimetric energies of 
detonation (CHEETAH code) [9] with our CEA2 results. 
 
 

The total energy calculated by CHEETAH (Table 1) is the sum of the 
mechanical and thermal energy. The mechanical energy is equal to the expansion 
work. The thermal energy is the heat remaining in the detonation products after 
they have expanded to 1 bar. In Table 1 we see that the theoretical values are 
higher than the experimental results. If we assume that the RDX reaction products 
contain much more CO than CO2, the experimental and theoretical values will 
match. At the so-called “freezing temperature” the chemical composition is 
defined to “freeze”. We hypothesize that the reason for the deviation from the 
experimental results for a freezing temperature of 298 K (this means no freezing) 
is that the cooling rate of the reaction gases is high, and H2O has not sufficient 
time to react with CO to form CO2 and establish thermodynamic equilibrium. We 
assume that the CHEETAH results are achieved by a freezing temperature of 
around 1800 K, as reported in [18]. 
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Table 1: The calorimetric energy of detonation (negative change in the internal 
energy, P=1 bar, T=298 K) as a function of the Al content. The unit is kJ/kg. The 
measured values and the CHEETAH results are literature values [9]. 
 
Al content (%)  0  18  33  42  49  60 

Heat of detonation, measured [9]*  5300  6600  7600  7500  7300  6900 

Total energy, CHEETAH code [9]*  5300  7200  10100  10600  10200  9500 

‐ΔU, freezing temperature 298 K (CEA2)  6942  9487  10802  10933  11035  10036 

‐ΔU, freezing temperature 1000 K (CEA2)  5468  7623  10425  10611  10753  9858 

‐ΔU, freezing temperature 2390 K (CEA2)  5330  7358  6960  7417  7385  4795 
*Approximate value, read off from figure in ref. [9] 

For aluminized RDX the situation is even more complicated. The oxidation 
of Al is terminated, probably due to diffusion problems through an alumina layer 
on the outer surface of the particles. Another explanation is that the reaction 
products freeze at a certain temperature due to slow diffusion and reaction rates. If 
the burning times of the Al particles are too high, the burning will tend to stop if 
the calorimetric “bomb” is cooled down to around 2300 K before complete 
burning is accomplished. This temperature is close to the adiabatic flame 
temperature (Table 2) for burning of Al particles and is also close to the melting 
temperature of alumina. Indeed, we find that that a temperature around 2300 K 
will fit the data very well for Al contents above 25%. The results in Table 1 from 
the CHEETAH code calculation of the total energy show a deviation of up to 
40 % when the Al content is between 30 % and 60 %. However, the CHEETAH 
calculations are consistent with measurements for pure RDX. This deviation can 
therefore be explained by the fact that the freezing temperature varies with the Al 
content. In Table 2 we have adjusted the freezing temperature in order to fit the 
calculated calorimetric energy to the measured heat of detonation. 

 
Table 2: The freezing temperature as a function of the Al content. 

Al content (%)  0  9  18  24  33  42  49  60 

Freezing temperature to fit 
calorimetric energy (K) 

2600  3100  3200  2390  2340  2390  2390  2255 

Adiabatic flame 
temperature (K) 

2927  3130  3255  3185  2848  2470  2475  2518 

 

Figure 1 displays the number of moles of the reaction product gases when they 
expand from detonation pressure to 1 bar as a function of the temperature. The figure 
shows that addition of Al leads to a reduction of the number of moles. This indicates  
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Table 3: The Gurney energy is multiplied by a factor to give an estimate for the 
work of explosion. The lower value for the work of explosion means that the factor 
is constant and is found from expansion of pure RDX. The factor used to calculate 
the upper value for the work of explosion is dependent of the Al content. The 
Gurney energies were measured by Trzcinski et al. [2]. 

Al content (%)  Gurney energy (kJ/kg)  Lower value (kJ/kg)  Upper value (kJ/kg) 

0  3895  5193  5375 

15  4060  5413  5846 

30  3515  4687  5413 

45  2380  3173  3951 

60  1383  1844  2379 

 
 

Table 4: The work of explosion as a function of the Al content. The unit is kJ/kg. 
The measured values and the CHEETAH results are literature values [2]. 

Al content (%)  0  15  30  45  60 

Detonation energy, measured [2]  5344  5637  4647  3275  1912 

Work  of  explosion,  freezing  temperature 
1800 K (CHEETAH), Al active [2]    6716  7379  5893  3584 

Work of explosion,  freezing temperature 
1800 K (CHEETAH), Al inert [2]    4731  3859  2930  1943 

 

Work  of  explosion,  freezing  temperature 
298 K (CEA2)  5998  7074  7377  5621  3608 

 

The work of explosion is displayed in Table 4. As for the calorimetric 
situation, the measured energy is much lower than theoretically calculated. 
However, these two cases are very different. For an Al content above 40 % the 
temperature of the reaction products after the adiabatic expansion is not 
particularly higher than the adiabatic flame temperature. We do not have any 
theoretical argument for applying freezing temperatures above 2300 K. However, 
the expansion rate of the gas volume is now high, and a fraction of the Al atoms is 
most likely not oxidized. According to Trzcinski et al. [2],[9] the expansion time 
of the cylinder (a nine-fold volume expansion) is around 10 µs and the particle 
diameter is approximately 50 µm. The burning time is in the region 1-10 ms [18]. 
The particles will obviously not have time to burn to any great extent before the 
temperature is too low for Al oxidation with a burning flame. A considerable 
amount of the Al will thus behave as an inert material for such high volumetric  
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expansion rates. The CHEETAH results apply a freezing temperature of 1800 K, 
but the theoretical values are too high. A much better result is indeed achieved if 
Al is assumed to be chemically inert. 
 

 

Table 5: Various thermodynamic properties as a function of the Al content. The 
unit is kJ/kg. 
 
Al content (%)  0  15  30  45  60 

‐ΔU(Const P,T)  6942  9062  10576  10976  10036 

‐ΔH(Const P,T)  6807  8959  10483  10911  9994 

‐ΔA(Const P,T)  8087  9649  11068  11183  9998 

‐ΔG(Const P,T)  8036  9616  11036  11164  9990 

Mechanical work  6076  7771  9354  9445  9194 

Work of explosion  5998  7074  7377  5621  3608 

Work of Carnot  78  696  1976  3824  5586 

‐W=‐ΔG(Const P,T)‐TS13  6022  7520  9327  9617  8562 

 

When seeking thermobaric effects the brisance ability is not the most 
significant quantity. More important is the total mechanical work that can be 
performed. Table 5 shows the work of Carnot and the work of explosion. The 
mechanical work, which is the sum of these two quantities, is also shown in the 
table. The table also displays the negative change in Gibbs free energy, enthalpy, 
Helmholtz free energy and the internal energy. We find that for small percents of 
Al the work of Carnot is negligible compared to the work of explosion. But from 
around 50 % Al and above the work of Carnot is larger than the work of explosion. 
We find a small difference between the mechanical work W and 13roomG T SΔ − . 
These two quantities should have been equal according to equation (2.23). We 
believe that the explanation for this discrepancy is that our calculation methods of 
the work of explosion and the work of Carnot are not quite exact. 
 

In Table 6 the work of explosion is compared to the work of Carnot. The 
thermal heat is also compared to the energy which is lost due to the entropy 
change from state 3 to state 4. We find that the thermal energy is always larger 
than the energy loss due to entropy change from state 3 to 4. In general, none of 
the quantities (change in free energy, enthalpy or internal energy) will be any 
good measure of the total mechanical work that can be theoretically performed. 
 



Energetic measures of effectiveness of aluminized explosives            1067 
 
 
Table 6: The work of explosion compared to the work of Carnot, and the thermal 
energy compared to the energy loss from state 3 to 4 due to entropy change. 
 
Al content (%)  0  15  30  45  60 

We/Wc  76,5  10,2  3,7  1,5  0,6 

(U3‐U4)/T(S3‐S4)  1,1  1,6  2,7  3,8  4,9 

 

4 Conclusion 
In this work we first studied different energetic measures of aluminized 

explosives theoretically by applying the rules of thermodynamics. Thereafter we 
applied a well-known thermodynamic computer code to calculate various 
energetic quantities at different Al contents and freezing temperatures. Energy 
concepts for aluminized explosives such as calorimetric energy of explosion, 
work of explosion, enthalpy of explosion and Gibbs free energy of explosion were 
analyzed and compared to experimental values. Finally we studied the work of 
Carnot which is relevant for thermobaric effects. We found that for highly 
aluminized explosives (e.g. 50 % Al), the work of Carnot is of the same size as 
the work of explosion. We could conclude that neither of the quantities change in 
free energy, enthalpy nor internal energy of explosion should be considered as 
good measures of effectiveness of aluminized explosives. 
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Appendix A 
 

The mechanical work for an ideal gas is given by 
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