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Studies on aluminum powder combustion in
detonation environment
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Xue-Yong Guo(5£2#7K), and Shi Yan([5]F1)

State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China
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The combustion mechanism of aluminum particles in a detonation environment characterized by high temperature (in
unit 10® K), high pressure (in unit GPa), and high-speed motion (in units km/s) was studied, and a combustion model of
the aluminum particles in detonation environment was established. Based on this model, a combustion control equation for
aluminum particles in detonation environment was obtained. It can be seen from the control equation that the burning time
of aluminum particle is mainly affected by the particle size, system temperature, and diffusion coefficient. The calculation
result shows that a higher system temperature, larger diffusion coefficient, and smaller particle size lead to a faster burn rate
and shorter burning time for aluminum particles. After considering the particle size distribution characteristics of aluminum
powder, the application of the combustion control equation was extended from single aluminum particles to nonuniform
aluminum powder, and the calculated time corresponding to the peak burn rate of aluminum powder was in good agreement
with the experimental electrical conductivity results. This equation can quantitatively describe the combustion behavior
of aluminum powder in different detonation environments and provides technical means for quantitative calculation of the
aluminum powder combustion process in detonation environment.

Keywords: aluminum particle combustion model, aluminum powder, burn rate equation, burning time

PACS: 47.40.Rs, 47.70.Pq, 47.40.Nm, 82.33.Vx

1. Introduction

As a high-energy metal fuel, aluminum has been widely
used in high-energy explosives!'?! to increase explosive en-
ergy and damage power.!>* Compared with ideal explosives,
aluminized explosives are typical nonideal explosives, and the
detonation process is more complicated. In recent years, stud-
ies on the explosive reaction mechanism of aluminized explo-
sives have been extensive,[>°! but there are few studies on
the combustion of aluminum powder in detonation environ-
ments. In addition, research on aluminum powder combustion
has been mostly carried out under normal pressure and nor-
mal temperature environmental conditions. It remains a chal-
lenge to study the aluminum powder combustion model in the
detonation environment with ultrahigh temperature, ultrahigh
pressure and strong convection characteristics formed by det-
onation explosions. The study of the combustion theory of
aluminum particle in detonation environment is of great sig-
nificance to further understand the explosion mechanism of
aluminized explosives, improve the energy release rate of alu-
minized explosives and enrich the theoretical model of com-
bustion of metal powder.

Burning time in any combustion environment is an im-
portant parameter for aluminum combustion research. Re-
searchers have studied the aluminum burning time and

the influence of various parameters on the burning time.

Corresponding author. E-mail: niejx @bit.edu.cn
© 2022 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac373e

Glassman!” proposed that the combustion of metal particles
obeys the D? law, that is, the burning time of particles is pro-
portional to the square of the particle size, which is consis-
tent with the pure droplet combustion model. Friedman and
Macek®! proposed that for combustion without fragmentation,
the burning time is proportional to the 1.5 power of the parti-
cle diameter. However, if the gas and vapor diffuse to the sur-
face of the particles (or oxides) in the model and the reaction
is a surface type, then the burning time may be proportional
to D. The relationship 7. ~ D'?~!> was established through
experiments. In the same year, Davis!®! reported the relation-
ship of #. ~ D', Brzustowski and Glassman!'?! first estab-
lished a single spherical aluminum particle static combustion
model based on the diffusion rate of reactants in an oxygen-
containing gas closed chamber. Their model considered that
the reaction of aluminum particle is mainly the gas-phase re-
action between aluminum vapor and oxidizing gas. After de-
duction, the burn rate of aluminum particle is inversely propor-
tional to the square of the diameter, so the model is also called
the classic D? model. Belyaev et al.!''l modified the D> model
based on a large amount of experimental data, and further cor-
rected the square of the particle size in the D> model proposed
by Glassman to the 1.5 power. In 1973, Law!!%!3] established
a diffusion-controlled combustion model for aluminum par-

ticles based on the D?> model and conservation equations of
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mass and energy. Studies have shown that oxides diffusing
into particles will increase the burn rate of aluminum particles,
while oxides diffused into the surrounding environment have
little effect on the burn rate. Brooks and Beckstead!'#! pro-
posed amendments to the D? law by analyzing a large amount
of experimental data. The burning time of aluminum parti-
cles was proportional to D'>~!8_ Tanguay ez al.!">! performed
aluminum particle combustion experiments using a detona-
tion tube. Their results showed that aluminum particles tend
to burn in a kinetically limited manner when they are accel-
erated in highly convective flows, conforming to the D%
Houim!'%! developed a calculation model for the interaction
between shock waves and a reacting aluminum droplet. The
results showed that the combustion of aluminum droplets may
be kinetically controlled mechanisms. The shock waves re-
duce the evaporation rate for nonreacting aluminum droplets,
while increasing the burning rate when chemical reactions are
considered.

In recent years, researchers have used experimentation
and simulation to study the combustion of aluminum powder
under different conditions. Sundaram!'”! tried to determine
the key physical and chemical processes of particle combus-
tion by summarizing the latest progress in the study of nano
aluminum particle combustion and determining the combus-
tion mechanism under different particle sizes and pressures
by comparing the time scales in various studies. Glorian!!8!
solved the effect of heterogeneous reactions in the process of
aluminum combustion through a numerical simulation of sin-
gle aluminum combustion particles and considered both the
gas phase and surface dynamics mechanisms. Lomba et al.[""]
conducted a constant volume combustion experiment of mi-
cron aluminum-magnesium powder, and the results showed
that the flame temperature of aluminum powder with an av-
erage particle size of less than 12 pm was close to the par-
ticle surface temperature. Analysis of the combustion prod-
ucts further confirmed the existence of a gas phase reaction.
Sundaram?”! proposed the general theory of ignition and com-
bustion of nano and microaluminum particles, which is the
best theory to date. He divided the oxidation process into four
stages according to the phase transition and chemical reaction.
In the first stage, the particles are heated to the melting temper-
ature of the aluminum core. The second stage starts when the
aluminum core melts. In the third stage, nanoparticles react
violently with oxidation gas. In the fourth stage, large par-
ticles are combusted by the gas phase or surface reactions.
Yunchao et al.”?'! studied the ignition and combustion of a
single aluminum particle size (40 um—-160 pm) in a hot gas
flow. The total ignition and combustion process of aluminum

particles can be divided into three stages: preheating, ignition

and combustion. The burning time 7, can be well described by
D', Vladimir??! studied the effect of molecular oxygen on
the combustion of aluminum nanoparticles in water vapor. The
model analysis showed that a small amount of oxygen (mole
fractions 1%—-3%) can accelerate the combustion of aluminum
in steam by an approximate order of magnitude. This study
is of great significance for research into aluminum and differ-
ent reactive gases. In 2021, Braconnier et al.!*3! considered a
new experimental setup to image and study the combustion of
a single burning aluminum droplet (30 pm-130 pm), and pro-
posed a new Beckstead-style empirical correlation for burning
times. The burning time is proportional to the 1.72 power of
the particle size.

In summary, scholars from various countries have per-
formed much research on the combustion model of alu-
minum particles under normal pressure and high-temperature
(< 1000 K) environments.

the burning time is mostly based on experimental data fitting,

However, the determination of

which lacks theoretical derivation. For detonation environ-
ments, such as combustion environments with high temper-
ature, high pressure, and high-speed movement characteris-
tics, theoretical studies have been insufficient. In this study,
an aluminum particle combustion model is established within
a detonation environment, and the burn rate equation for a sin-
gle aluminum particle is derived. Furthermore, by consider-
ing the particle size distribution, the burn rate equation of alu-
minum powder is given and verified by electrical conductivity
measurements. This may theoretically explain the combustion

process of aluminum particle after detonation wave.

2. Detonation environment combustion model

There is a layer of alumina shell on the surface of alu-
minum particles, forming a typical “core-shell” structure.
Jiao et al.¥ studied the core—shell response process of alu-
minum particles subjected to detonation shock waves. After
detonation, the aluminum particles were squeezed by the det-
onation wave, the shell on the windward side was cracked and
broken, and then the particles rebounded and stretched. Under
the action of peeling of the surrounding high-speed detonation
products and internal aluminum core stress, the shell was mas-
sively crushed and peeled, and the internal aluminum vapor
contacted and combusted with the detonation products. Due
to the velocity difference between the detonation products and
particles, alumina could not adhere to the surface of the alu-
minum, so the aluminum continued to vaporize and combust.

The combustion model of aluminum particles is shown
in Fig. 1. To simplify the model, the following points are as-

sumed:
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(i) Under the action of detonation waves, the shell of the
aluminum particles breaks and is peeled off immediately.

(i1) The aluminum particle vaporization process is static
and isotropic.

(iii) Aluminum particles started burning in the form of a
gas-phase reaction.

(iv) The decreases in system temperature decreases
caused by heat conduction and heat radiation are not consid-
ered.

(v) The local hot spots generated by the surface combus-
tion of aluminum particles are ignored, as it is believed that

the combustion temperature of aluminum particles is uniform.

Detondtion front Detonat front

Alumina shell

Aluminum
i Aluminum vapour
particle

(a) The first stage (b) The second stage

High temperature and high pressure

Convection detonation environment Detonat: front

Combustion zone of
inum = aluminum vapour and
detonation products

Heat radiation
Heat conduction

(c) The third stage

Detonation product

Fig. 1. Combustion model of a single particle aluminum powder in a detona-
tion environment.

Based on the above analysis and assumptions, the com-
bustion of aluminum particles in a detonation environment can
be divided into the following three stages.

The first stage Under the action of the detonation wave,
the alumina shell is peeled off, and the high-temperature en-
vironment generated by the detonation makes the aluminum
particles heat up. Aluminum particles deform under the im-
pact of detonation wave, and cracks appear on the windward
side and begin to fracture. Under the action of peeling of the
surrounding high-speed detonation products and internal alu-
minum core stress, the shell crushes and is peeled on a large
scale. At the same time, the aluminum particles heat up in the
high-temperature environment created by the detonation.

The second stage The aluminum particles are vaporized
at high temperature, and the aluminum atoms react with the
detonation products. When the alumina shell is peeled off,
the detonation products contact the aluminum core, and alu-
minum particles vaporize, diffuse, and combust. Moreover,
the combustion temperature of aluminum particles is higher

than the vaporization point of aluminum, the aluminum par-
ticles continue to vaporize, and the aluminum vapor further
reacts with the detonation products. Due to the velocity differ-
ence between the detonation products and the aluminum core,
the surface of the aluminum particles formed a separate tail
flame.

The third stage Due to the relative movement of the solid
and gas, the aluminum combustion products undergo “purge”
diffusion until the aluminum particles are completely vapor-
ized and the combustion ends. The combustion products of
aluminum move in the direction of the detonation products
with their velocity faster than that of the core, so the com-
bustion products do not adhere to the surface of the core. The
aluminum particles continue to vaporize until the combustion
is complete.

3. Combustion control equation

According to the model assumptions, aluminum particles
are combusted in a gaseous state, so the dimensionless burn
rate of the aluminum particles W, can be expressed as the prod-
uct of the dimensionless vaporization rate Wy of the particles,
the diffusion coefficient 2 of the product and the probability
of the oxidation reaction R;:

W, =W, x Q xR;. (1)
Assuming that the reaction obeys the Arrhenius law, there is
Re=e B/RT, @

where T is the system temperature, E, is the activation energy
of the gaseous aluminum atom oxidation reaction, and R is the
universal gas constant with a value of 8.314 J/(mol-K).

Therefore, to obtain the dimensionless burn rate of alu-
minum particles, it is necessary to analyse the dimensionless
vaporization rate W, of the particles and the diffusion coeffi-
cient 2 of the product.

3.1. Vaporization equation

According to the combustion model, the aluminum parti-
cles have a combustion reaction with the detonation products
in the form of a gas-phase reaction, so the vaporization of alu-
minum is the prerequisite for the combustion reaction of alu-
minum particles.

Aluminum atoms are strongly attracted by other atoms in
a condensed phase (including liquid aluminum and solid alu-
minum). Usually, aluminum atoms do not leave the surface of
condensed matter due to this attraction. However, when solid
aluminum is heated, some aluminum atoms obtain more en-
ergy than their vaporization enthalpy E, and they “escape”
the surface of the condensed aluminum and vaporize. Accord-
ing to Boltzmann’s law,

N = Ce Bv/RT (3)
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where N is the number of atoms escaping the surface, C is the
total number of atoms in any region, and E\ is the enthalpy of
vaporization of aluminum.

Assuming that the surface area occupied by each atom
on the surface of the condensed aluminum is A, the average
velocity is v, and it has enough energy to move a distance of
2r (the diameter of the first layer atom). Then, the time that
the aluminum atom passes through this distance is the time to
leave the aluminum surface of the condensed phase. This time
can be expressed as 2r/v, so the number of aluminum atoms
evaporated per unit time can be

v —Ey/RT 4
247° ’ @)

where N, is the number of atoms vaporized per unit area per

Ny =

unit time, A is the cross-sectional area of each atom in unit m2,
v is the average rate of atoms in units m/s, r is the radius of the
atom, and r is the radius of an aluminum atom in unit m.

According to the kinetic theory of molecules, the aver-
age molecular velocity has the following relationship with the
temperature of the system:

mv? /2 =3kT /2, (5)

where m is the mass of each aluminum atom with a value of
448 x 1072 g.

According to Egs. (4) and (5), the number of aluminum
atoms evaporated per unit time can be deduced as follows:

Ny = (1/27r)\/3kT [me ™5 /RT (6)

Therefore, according to Eq. (6), the mass of condensed alu-
minum vaporized per unit time per unit area can be obtained,
that is, the vaporization mass rate equation of condensed alu-
minum per unit area

. dmy 1 E,
= = | —— T -
iy =~ (27”3) V3mkT exp ( RT) , @)

where i1, is the mass rate of aluminum vaporization per unit
area, in units kg/(m?-s).

It can be seen from Eq. (7) that the vaporization rate of
condensed aluminum per unit area per unit time is mainly de-
termined by the system temperature. The higher the system
temperature is, the greater the vaporization rate of aluminum.

Assuming that the aluminum particles are spherical, for
spherical aluminum particles, aluminum atoms evaporate from
the surface, as shown in Fig. 2. Therefore, the vaporization
rate of the spherical condensed phase per unit time can be ex-

pressed as
CdM, d(pV) _ d [ 4mxd\ _ mpa® dx ®
d dt dr\"3x8) 2 dt’

where dM, /dr is the mass vaporization rate of aluminum par-
ticles, dx/dt is the radial scale vaporization rate of aluminum

particles, V is the volume of spherical aluminum particles, x
is the diameter of spherical aluminum particles, and p is the
density of aluminum.

Aluminum atoms

2r
-
MR
() W LL
e

{

(

Aluminum particles

Fig. 2. Diagram of the atomic vaporization process on the surface of spheri-
cal aluminum particles.

The radial scale vaporization rate of aluminum particles
can be obtained by the transformation of Eq. (8)

dx _ 2 dMe 2 odm
i~ wp dr | mp T Tdr
2d i
=22 ©
p dr p

When equation (7) is substituted into Eq. (9), the radial
scale vaporization rate of aluminum particles will become

dx 2 dmy 1 E,
e 2N o \BmkTexp(-—L).
dt p dt pmr 3mk exP( RT) (19)

By integrating time ¢ on both sides of Eq. (10)

o dt o p dt

/t ! vV3mkTe Ey dr, @11
— xp [ — =¥

Jo prr3 " P\ "kt ’

where x; is the aluminum particle size at time ¢, and when

t =0, x; = x, hence,
iy E,
Xt —X = — 0 t:—W\/:;kaeXp (_m_') (12)

When x; = 0, the combustion of the aluminum particles is

completed, and the corresponding time #, is the vaporization

time of the aluminum particles
3
_ T’ px . (13)
V3mkTexp (—Ey/RT)

It is assumed that the aluminum particles are radially ho-

_ px
T ity

ty

mogeneous during the vaporization process. Then, the dimen-
sionless vaporization mass fraction, W, of aluminum particles
can be expressed as

ringt \ °
W, = —(1— px), (14)
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where W, is the dimensionless evaporation fraction of alu-
minum particles.

By differentiating Eq. (14) to obtain the dimensionless

vaporization rate Wi,

(1-W,)*3, (15)

W= AW _ Gy (1

2ingt > 6riny
YT dr T px -

px px
where W, = dW, /dt is the dimensionless vaporization rate of
aluminum particles.

By substituting Eq. (7) into Egs. (14) and (15), respec-

tively, we can finally obtain

vV 3mkTexp (—Ey/RT)

=1—[1- t), 1
" ripx (16)
W — 3v3mkTexp(—Ey/RT)
v wripx
|V 3mkTexp (—EV/RT)t
wripx
3vV3mkTexp (—E,/RT

wripx

Therefore, it can be seen from the equation that the
dimensionless evaporation rate of aluminum particles is in-
versely proportional to the particle diameter and increases with

increasing ambient temperature.

3.2. Diffusion coefficient

According to the model in Section 2, the surface of the
aluminum shell is broken by the detonation wave, and the ox-
idation reaction starts from the broken place. Therefore, the
degree of aluminum particle crushing determines the rate of
the combustion reaction. This study introduces the dimen-
sionless diffusion coefficient £2, which is defined as the ra-
tio of the purge area of the detonation wave to the surface
area of the spherical aluminum particles. The ratio depends
on the relative movement speed of the detonation product and
the aluminum particles and is related to whether the product
condenses on the aluminum surface and the actual diffusion
area of the aluminum.

To calculate the diffusion coefficient of aluminum parti-
cles, the finite element software AUTODYN is employed. The
model is composed of TNT, aluminum, and alumina, as shown
in Fig. 3. TNT explosives are described by the JWL equation
of state, and the left of the surface is detonated. The consti-
tutive equation of aluminum is described by the Von Mises
model, and the constitutive equation of alumina is described
by the JH model. Meanwhile, points 14 are set to monitor the
movement speed of detonation products and aluminum nuclei.

As shown in Fig. 4, the initial breaking point appears on
the surface of the aluminum shell under the action of deto-
nation wave, and then the aluminum shell is broken, so that
the contact combustion of aluminum and detonation products.
The higher the intensity of the detonation wave is, the stronger
the fragmentation degree of the alumina shell and the greater
the diffusion coefficient. The diffusion coefficients of differ-
ent explosives obtained by calculation are given in Table 1.
Due to the speed difference between the detonation product
and the aluminum particle, after the aluminum particle shell
is broken, the speed difference accelerates the peeling of the
alumina shell, which promotes the contact and combustion of

the aluminum particle and the detonation product.

/ Detonation location

TNT Point 4
Al Point 3
Al,O4 Point 2

Point 1

Fig. 3. Simulation calculation simplified model.

(2) | (b) ©

Initial breaking point

Broken area

Detonation wave

Fig. 4. The crushing process of aluminum core and alumina shell.

Table 1. Diffusion coefficient with different detonation wave intensities.

. Detonation Detonation product Aluminum core Speed
Explosive Q
velocity (m-s~!) velocity (m-s~!) velocity (m-s~!) difference (m-s~1)

TNT/AlL 5330 1498 993 505 0.41
PETN/AL 6360 1646 1109 537 0.45
RDX/Al 7240 1860 1288 572 0.51
HMX/Al 7500 2053 1369 684 0.55
CL-20/Al 8010 2187 1384 803 0.60
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3.3. Combustion equation of aluminum particles

With the purge diffusion model, adding the product di-
mensionless diffusion coefficient 2, equation (1) can be trans-
formed into the dimensionless burn rate of aluminum particles

. dw,
We =g
_ 39 V 3kae;(p(_Ev/RT) (l _Wv)2/3 e_Ed/RT
wripx
32V 3m 2/3 E,+E,
= - 1
L W) e (SR ) as)

where W, is the dimensionless burn rate of aluminum particle.
At any time ¢, the burn ratio of aluminum particles is

A
W =
¢ o dt
130/ 3m E,+E,
/3 Wv)z/3exp(—m). (19)
wripx RT

Therefore, when the system temperature is higher than the
vaporization temperature of aluminum, the burn rate and burn
ratio are determined by the vaporization enthalpy. When the
system temperature is low, the sublimation rate of aluminum
particles is very low, so the activation energy of aluminum
plays a major role.

When E, is much less than E,, equation (1) can be

3.Q V3
7rr3 px
A
¢ o dr

/f 3.(2\/7

Tripx

( —W,)?3exp(—Ey/RT), (20)

W,)*3exp(—Ey/RT). (21)

When W, = 1, the aluminum particles are completely
combusted, and the time ¢ = ¢, can be solved by Eq. (21). The
time 7, for the complete combustion (w, = 1) of the aluminum
particles is solved as follows:

px nripx
e Qv/3mkTe(Ev/RT)’

It can be seen from Eq. (22) that the burning time of the

fe =

(22)

aluminum particles are mainly affected by the particle size,
system temperature, and diffusion coefficient.

Equations (20) and (21) are used to calculate the time-
dependent curves of the burn ratio and burn rate of 10-pum alu-
minum particles at different system temperatures, as shown in
Fig. 5.

From the curve change in Fig. 5, the initial burn rate of
aluminum particles is the largest, and the burn rate decreases
as the reaction time increases. As the system temperature
decreases, the initial burn rate of the aluminum particles con-
tinues to decrease, and the burning time gradually increases.

@ ot
0.8k —=— 3767 K
—e—3602 K
0.6k 3451 K
N ' —9-3309 K
0.4
0.2+
0 -
0 20 40 60 80 100 120
Time (ps)
b L
(b) 0.12 —a 3767 K
o0k —e—3602 K
’ 3451 K
0.08} —v—3309 K
]
~
E" 0.06+
el
0.04}F
| M
0 -

1 1
0 20 40 60 80 100 120
Time (ps)

Fig. 5. (a) The burn ratio and (b) the burn rate of aluminum particles at
system temperatures of 3309 K, 3451 K, 3602 K, and 3761 K.

a
« 1.0f
0.8
R 0.6
S
0.4
0.2F
0 -
0 100 200 300 400
Time (ps)
(b) 0.10 | —=—2 um
—0—10 um
0.08 + 50 pm
~¥— 100 pm
< 0.06}
R
S
= 0.04}
0.02
of TR e
0 100 200 300
Time (ps)

Fig. 6. (a) The burn ratio and (b) burn rate of aluminum particles sizes of
2 pm, 10 pm, 50 pm, and 100 pm at a system temperature of 3602 K.
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This is because temperature directly affects the burn rate equa-
tion and changes the vaporization enthalpy to indirectly affect
combustion. The higher the temperature, the smaller the alu-
minum gasification enthalpy, the easier the vaporization com-
bustion, and the higher the burn rate.

The changes in the burn ratio and burn rate of aluminum
particles with different particle sizes for the same system tem-
perature over time are shown in Fig. 6.

Figure 6 shows that the reaction rate of aluminum particle
is the largest at the beginning of the reaction. As the reaction
time increases, the burn rate gradually decreases. As the parti-
cle size increases, the initial burn rate decreases continuously,
and the burning time gradually increases. This is because the
reaction rate is inversely proportional to the particle size. The
larger the particle is, the lower the burn rate and the longer the

302\ 3mkT

burning time.

3.4. Combustion equation of aluminum powder

The particle size analysis results!>! show that the parti-
cle size of aluminum powder meets a lognormal distribution,
expressed as follows:

1 (Inx — u)?
fx) = oxsan P (_W> ; (23)

where 1 and o are the parameters of the lognormal distribu-
tion fitting function.

According to statistical law, 99.9% of aluminum parti-
cle can be covered by the calculation of particle size [dsg —
30,dso + 30]. The equation of the burn ratio and burn rate of
aluminum powder can then be expressed as follows:

dsy+30
Welas, = /d

50—30

wripx ex
p vV2mwox p(
3Q3mkT

202

. dso+30
Welas, = /d

50730’

E.+E\ [
(lnx—‘u)z) exp (—RT2‘>/0 (1—Wy)*3 drdx, (24)
(1-Wy)* exp (—E;TE) dx, (25)

wripx

1
ex
V2rox P (

where ds is the median diameter in unit pm. According to the
equation, there are two main parameters affecting the combus-
tion degree and burn rate of aluminum powder: the combus-

tion temperature, 7, and the particle size distribution.

4. Electrical conductivity test

It is difficult to directly test the burn rate of aluminum
powder in a detonation environment by using experimental
methods, so conductivity testing!?®?7! is used for indirect
proof. This research group has improved the traditional coax-
ial test method, eliminated the bypass resistance effect, in-
creased the effective time, and improved the sensitivity of the
conductivity experiment. Figure 7 shows a schematic diagram

of the improved conductivity experimental device.

Detonator Sleeve Partition Tybes Sample Copper Cover
electrode plate
Fig. 7. Test arrangement of the experiment.
According to Hayes!?®! of the Los Alamos Laboratory, it

is known that the electrical conductivity of detonation prod-

ucts has a strong correlation with the solid carbon content in

(lnx—u)z)

202

detonation products. Both the explosive detonation reaction
and the oxidation—reduction reaction of Al and CO can reduce
a large amount of conductive carbon. Therefore, the chemical
reaction rate of the detonation reaction zone and the expan-
sion zone of the detonation product can be determined through
conductivity experiments to obtain the burning rate of the alu-

minum powder. %)

1200

800

Peak conductivity Sharp increase

in conductivity

o (2 tem™)

400 b
o Duration g
] Tangent
o MVM——--——— -~
. N ‘ Combustion reaction of Al
i [)(‘,l(!ll?}ll‘l()ll of TNT with detonation products 7
(the first stage) (the second stage)
—400 L L L L L L L L
—0.2 0.2 0.6 1.0 1.4 1.8
Time (us)

Fig. 8. Typical results of conductivity experiments. 1301

It is evident from the typical test results of the conduc-
tivity test in Fig. 8 that the detonation of TNT/AI is divided
into two stages. The first stage is the detonation reaction
of TNT, i.e., C7HsOgN3 — 1.5N, 4+ 2.5H,0+3.5CO+3.5C.

The second stage is the burning reaction of Al with the det-
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onation products, ie., Al+ 1.5H,O — 0.5A1,03 + 1.5H;,
Al+1.5CO — 0.5A1,03 + 1.5C.[3! In the first stage, the TNT
explosion process produces conductive free carbon, which in-
creases the carbon content, and the conductivity increases
sharply for the first time. In the second stage, Al begins to
react with detonation products to form conductive media such
as C and Al,O3, causing the conductivity to rise sharply for
the second time. According to the results of the electrical con-
ductivity experiments, the burn rate of aluminum in TNT/Al
can be determined.

5. Results and discussion

In this study, combined with an improved conductivity
test method proposed by Zhou,>*3% the burn rate of alu-

minum powder in a detonation environment is studied for dif-

ferent system temperatures and aluminum particle sizes. The
time corresponding to the peak value of the burn rate formula
is calculated and compared with the results of the sharp growth

time from the experimental conductivity.

5.1. Effect of combustion temperature on combustion
characteristics

The equilibrium temperature between the main explosive
and the aluminum powder after detonation can be calculated
by the heat capacity method.*?! The corresponding detonation
temperatures of the four different explosive contents (80% to
95%) are 3767 K, 3602 K, 3451 K, and 3309 K.

Using Eqgs. (24) and (25), the burn ratio and burn rate of
aluminum powder used in Ref. [30] can be calculated. The

specific calculation results are shown in Figs. 9—11.

Table 2. Comparison of the theoretical value at the peak time of aluminum powder burn rate and experimental value for the sharp growth time of

electrical conductivity at different ambient temperatures.

The sharp growth
Explosive time of electrical

conductivity (us)?®

The peak time of Difference analysis of

aluminum powder theoretical results and

burn rate (ps) experiment data (%)

TNT/AI (95/5) 0.67 0.60 —10.07
TNT/AL (90/10) 0.78 0.72 —7.76
TNT/AL (85/15) 1.33 1.37 3.29
TNT/ALI (80/20) 1.78 1.72 —3.65
4Ref. [30].
(a) 3761 K | T 1o (b) 3602 K | T os
0.8} —=- Burn ratio 10.8 0.8
{06
. 06} — Burn rate o6 = ., 06 -+ Burn ratio T
= 3 = —+ Burn rate 10-4 §Q
0.4} {04 = 0.4
= ] T
0.2¢ 10.2 0.2 0.2
0r 10 or 10
—1 2 5 8 —1 2 5 8
Time (us) Time (ps)
(c) 3451 K 1o} 10.3 (d) 3309 K 10t 0.18
0.8} o ; 0.8} -
burnratlo - ygg 0 . . 012 <
. 0.6f e Burn rate 3{, S Burn ratio Eu
S 0.4} = 0.4] —*= Burn rate =
) 10.1 < ’ 0.06
0.2 0.2}
or 10 or 10
-2 4 10 16 0 3 6 9 12 15 18 21
Time (us) Time (us)

Fig. 9. Burn ratio and burn rate of aluminum particles at system temperatures of (a) 3761 K, (b) 3602 K, (c) 3451 K, and (d) 3309 K.

As the system temperature increases, the maximum burn
rate of aluminum powder gradually increases, and the burning
time #. gradually decreases. According to the relationship be-
tween the burn rate and time, the burn rate is lower at the start,
and then increases rapidly. The reason for this is that as the

surface of the aluminum particles is continuously vaporized,

the particle size decreases, and the burn rate is inversely pro-
portional to the particle size. This is the main reason for the
increasing burn rate.

The calculation and experimental results are shown in Ta-
ble 2. The results show that the difference between the theo-

retical calculation results and the experimental data for con-
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ductivity is less than 10%, indicating that the burn rate equa-
tion for aluminum powder has a good correspondence with the
experimental data. However, the theoretical calculation value
is smaller than the experimental value and the reason for this
may be that the conductivity directly corresponds to the con-
tent of conductive carbon. After the combustion of aluminum
and oxides containing carbon, carbon is produced. The pro-
cess lags behind the combustion of aluminum powder, so the

experimental value is relatively large.

1.0f

0.8

0.6

0.4r

0.2F

0 3 6 9 12 15 18 21

Time (ps)

Fig. 10. Burn ratio of aluminum powder at different system temperatures.

(a) 1.50 pm
1.0+ E
—#— Burn ratio
0.8F
—e— Burn rate
0.6 i
S
0.4F i
0.2F i
O - -
0 1 2 3
Time (us)
(b) 9.79 pm
1.0 b
—s— Burn ratio 4
0.8
—e— Burn rate
0.6
E 4

0.4

0.2

Time (us)

Fig. 12. Burn ratio and burn rate of aluminum powder with particle sizes of

(a) 1.50 pm and (b) 9.79 pm.
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0.8
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0.8f —=— 1.5 um
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1.0r
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0.8k —e— TNT90
—A— TNT85
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>
=
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0.2+
OF
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Fig. 11. Burn rate of aluminum powder at different system temperatures.

5.2. Combustion equation of aluminum particles

The particle size of aluminum powder also has an impor-
tant influence on the combustion characteristics of aluminum
particles. To further study the influence of aluminum parti-
cle size on the burn ratio and burn rate under the same sys-
tem temperature, combined with Ref. [29], this was calculated
for aluminum powder with median diameters of 1.50 pm and
9.79 pm at a system temperature of 3602 K. The calculation
results are shown in Figs. 12—14.

As seen in Table 3, when the particle size of aluminum
powder increases, the maximum burn rate decreases and is de-
layed, and the burning time gradually increases. The differ-
ence between the theoretical calculation result and the electri-

cal conductivity measurement data is within 15%.

0.6

0.4F

0.2F

0 1 2 3 4 5
Time (us)

Fig. 13. Burn ratio of aluminum powder with different particle sizes.

dw,/dt

—=— 1.5 um
——9.79 um

2.5r
2.0r
1.5F
1.0r
0.5F
or

L L L L L L

0 1 2 3 4 5

Time (us)

Fig. 14. Burn rate of aluminum powder with different particle sizes.
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Table 3. Comparison of theoretical values at the peak time of aluminum powder burn rate and experimental values for the sharp growth time of

electrical conductivity under different particle sizes.

The sharp growth
Explosive time of electrical

conductivity (ps)?

The peak time of
aluminum powder

Difference analysis of
theoretical results and

burn rate (ps) experiment data (%)

TNT/AI (1.50 pum) 0.92 0.79 141
TNT/AL (9.79 pum) 1.06 0.95 ~10.4
aRef. [29].

6. Conclusion References

The combustion problem of aluminum powder after det-
onation wave is discussed. The established model and equa-
tion take into account the characteristics of high temperature,
high pressure, and high-speed movement in detonation en-
vironment, which provides strong theoretical support for the
study of the combustion of aluminum particle in detonation
environment.

(i) A combustion model of aluminum particles in a det-
onation environment is established, and a combustion control
equation of aluminum particles is theoretically deduced. It can
be seen from the control equation that the burning time of alu-
minum particle is mainly affected by the particle size, system
temperature and diffusion coefficient. The calculation result
shows that a higher system temperature, larger diffusion coef-
ficient and smaller particle size will lead to a faster burn rate
and shorter burning time of aluminum particles.

(i) Combined with the particle size distribution of the
aluminum powder, the combustion control equation of alu-
minum powder is further established. The calculation results
show that with increasing system temperature, the maximum
burn rate of aluminum powder increases, and the burning time
decreases. When the particle size of aluminum powder in-
creases, the maximum burn rate decreases and is delayed, and
the burning time gradually increases.

(iii) The difference between the time corresponding to the
peak burn rate of aluminum powder obtained by theoretical
calculation and the experimental electrical conductivity data
is within 15%. This proves that this equation can be used
to describe the combustion process of aluminum particle after
detonation wave, and this equation can be used as a means to
quantitatively describe the combustion behavior of aluminum

powder in detonation environment.
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