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Abstract: The results of studies of the effect of particle size of aluminum powder in condensed sys-
tems on the ignition, nonstationary combustion, and acoustic conductivity of the burning surface
are presented. Analysis of the experimental data shows that the ignition delay and the temperature
of burning surface of the heterogeneous condensed systems under study decrease with increasing
particle size of aluminum powder, and the nature of the dependence of the nonstationary burning
rate on the time of depressurization of the combustion chamber for compositions containing mi-
cron or ultrafine aluminum powders is in qualitative agreement with the phenomenological theory
of nonstationary combustion. Replacement of micron aluminum powder by ultrafine powder in a
heterogeneous condensed system increases acoustic conductivity.
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INTRODUCTION

One of the promising directions in developing a new
generation of heterogeneous condensed systems (HCS)
is the replacement of aluminum powders of micron size
(e.g., the ASD industrial powders) by ultrafine pow-
ders, whose particles are orders of magnitude smaller in
size. The first experimental studies on the use of alu-
minum in HCS were performed in the USSR (Institute
of Chemical Physics, USSR Academy of Sciences) in
the 1960s–1970s under the direction of Leipunskii [1]
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and Gen [2]. Aluminum particles were prepared by
evaporation and condensation of aluminum vapors in
argon. The size of the forming particles was varied
by changing the evaporation and condensation modes.
We obtained encouraging results in terms of improving
the energy characteristics of HCS due to more complete
combustion of aluminum and reduction of the size of
aluminum particles in the combustion products. These
studies were performed in the laboratory using small
HCS samples. Further, the studies were suspended for
several reasons, primarily because of lack of technolo-
gies to produce large quantities of ultrafine powder of
aluminum with chemically stable particles and because
of lack of information on the combustion physics and
agglomeration of nanoparticles in HCS.

The research on the use of ultrafine powder in
HCS [3–5] was activated in the late 1990s and is be-
ing continued to the present time. That is due to the
following factors.
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— Traditional HCS compositions containing mi-
cron aluminum powders 3–20 μm in diameter have com-
pletely exhausted their potential opportunities, and no
fundamentally new results to improve their energy per-
formance are expected soon.

— The progress in the technology of obtaining
ultrafine powder (in particular, by electric explosion of
wires [6]) allows one to produce sufficiently large quan-
tities of ultrafine metal powders with controlled prop-
erties, size distribution of particles, and high stability.

— Studies [7–12] have shown that the use of
ultrafine aluminum powder in HCS is promising not
only in terms of increasing energy characteristics, but
also in terms of reducing the agglomeration on the burn-
ing surface of samples, increasing the burning rate, and
controlling the exponent in the burning rate law.

Analysis of the results of studies of stationary com-
bustion of HCS containing ultrafine aluminum powders
is given in review articles [13, 14] and monographs [15].
In this paper, we present the results of studies of non-
stationary effects in conductive and radiative ignition,
combustion with rapid depressurization and quenching
in the combustion chamber, and the results of studies
of the acoustic conductivity of the burning surface that
characterizes the susceptibility of heterogeneous con-
densed systems to oscillatory combustion.

ULTRAFINE ALUMINUM POWDER

The powder particle size is one of the most impor-
tant characteristics of the systems under consideration,
which determines their properties and behavior in igni-
tion, combustion, and quenching. Due to the intensive
development of powder nanotechnologies, multiphase
flow mechanics, and diagnostic methods, the problems
of adequately describing the size spectrum of poly-
disperse systems, identifying experimentally obtained
size distributions of particles (usually, histograms), and
approximating them by a suitable probability density
function are becoming relevant.

Analysis of the published data on the particle-size
distribution of different polydisperse systems showed
that almost all metal powders with unimodal (one-
vertex) distribution functions can be described by a gen-
eralized gamma or log-normal distribution.

Arkhipov et al. [16] considered an identification al-
gorithm for unimodal size distributions of aluminum
powder particles using experimental histograms based
on the formulation and solution of the inverse problem
and finding an extremum of the corresponding func-
tional by direct search. The approach was tested by
studying the ASD-4 (Fig. 1a), ASD-6, and ASD-8 mi-

Fig. 1. Photomicrograph of ASD-4 micron aluminum
powder (a) and Alex ultrafine aluminum powder (b).

cron aluminum powders widely used in modern HCS
compositions and the Alex ultrafine aluminum pow-
der (Fig. 1b) produced by electric explosion of wires
in argon. Mass and number distribution functions of
particles of the powders under study are shown in Ta-
ble 1. The average diameters of the powders were cal-
culated on the basis of number distributions. It was
found that the mass average diameter of the Alex ultra-
fine aluminum powder particles is 12–40 times smaller
than that of the ASD micron powders. In storage,
the Alex powder particles aggregate and form “grape
bunches” (Fig. 1b) due to the electric charge accumu-
lated on the particle surface and the greater surface en-
ergy. The source of the aggregation of small particles is
large particles of ultrafine aluminum powder of diame-
ter 0.3–0.6 μm.
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Table 1. Average statistical diameters and distribution functions of aluminum powders

Powder d10, μm d20, μm d30, μm d32, μm d43, μm Distribution function, μm−1

ASD-4 1.23 1.66 2.28 4.34 7.34 g(d) = 0.064d1.21 exp(−0.303d)

ASD-6 0.85 1.17 1.60 3.01 4.72 g(d) = 0.147d1.64 exp(−0.561d)

ASD-8 0.72 0.90 1.09 1.60 2.11 g(d) = 2.29d3.15 exp(−1.97d)

Alex 0.12 0.13 0.14 0.16 0.18 f(d) = 28.7 · 106d4.49 exp(−46.8d)

Note: d10, d20, d30, d32, and d43 are average number, RMS, volume average, volume–surface average, and mass average
diameters; g(d) and f(d) are the mass and number distribution functions.

Table 2. Activity parameters of aluminum powders

Powder
brand

Tox,
◦C

α, %
(660◦C)

α, %
(1000◦C)

vox , mg/s
(at T , ◦C)

CAl,
%

δ, nm ρb,
g/cm3

ASD-4 820 2.5 41.8 0.05
(970–980)

98.7 10.8 1.06

Alex 548 39.4 45.0 0.05
(541–554)

86.0 3.1 0.15

Note: Tox is the intense oxidation temperature, α is the degree of oxidation, vox is the maximum oxidation rate, CAl is the
mass aluminum content, δ is the calculated thickness of the Al2O3 oxide layer, and ρb is the bulk density of the powder.

Transition from compact to ultrafine state changes
the thermodynamic properties of the metal powders,
shifting the equilibrium lines of chemical reactions and
phase transformations. Upon reaching threshold tem-
peratures of 200–500◦C the reactivity increases many
times. Increased chemical activity, small thickness, and
oxide shell structure facilitate the sintering of nanosized
metal particles. Thus, the ultrafine nickel and copper
powders obtained by an electrical explosion in argon are
sintered at temperatures of ≈145 and 100◦C, and the
ultrafine aluminum powders, even at room temperature
[6, 17, 18].

The activity parameters of aluminum powders from
data of differential thermal analysis are presented in
Table 2 [15] . As the particle size of aluminum pow-
der increases, the metal content and bulk density of the
powder decrease. The rapid oxidation temperature of
the ASD-4 (660◦C) micron powder is much higher than
the melting point of aluminum, and it is even lower for
the Alex ultrafine powder being equal to 548◦C. The de-
gree of oxidation of the ASD-4 micron aluminum pow-
der does not exceed 2.5%, and it is 39.4% for the ul-
trafine powder when heated to the melting point. The
maximum oxidation rate for both types of aluminum
powders is the same, but is reached in different temper-
ature ranges: 970–980◦C for ASD-4 and 541–554◦C for
Alex. The oxide layer thickness was calculated by the
formula

δ =
d43
2

{
1−

[
1 +

(
1

zAl
− 1

)
ρAl

ρAl2O3

]−1/3}
,

where zAl and ρAl are the mass fraction and density
of aluminum and ρAl2O3 is the density of aluminum
oxide. The oxide layer thickness of the ultrafine alu-
minum particles determined by this formula with an
average size d32 = 0.18 μm is 3.5 times smaller than
that of the ASD-4 micron powder. According to data
of electron microscopy studies [18], the oxide layer of
the Alex ultrafine powder particles obtained by an elec-
trical explosion in argon has a loose structure and its
thickness is ≈2.5 nm.

Ultrafine powders have a low bulk density and are
hardly pressed (e.g., the bulk density of the Alex ultra-
fine aluminum powder is lower than that of the ASD-4
micron powder). The large specific surface area of the
Alex ultrafine powder increases the content of adsorbed
impurities.

METHODS OF THE STUDY

Ignition of HCS

The ignition of HCS under radiant heating was
studied using an Uran-1 setup (Fig. 2a) and a CO2

continuous laser (Fig. 2b) [19, 20]. The ignition delay
time tign of HCS samples in the experiments was de-
termined by the appearance of a visible flame recorded
by a photodiode or an ionization detector. The HCS
samples were cylinders 10 mm in diameter and 5 mm
in height. The studies were performed in air under nor-
mal conditions, i.e., in a medium containing an oxidizer
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Fig. 2. Diagram of the setups for integral radia-
tive heating of HCS (Uran-1) (a) and monochromatic
(CO2 laser) radiative heating of HCS (b): (1) optical
maser; (2) Jade J 530 SB thermal imaging camera;
(3) gold sputtered mirror; (4) sodium chloride lens;
(5) driving head of the IMO-2 average output power
meter; (6) electromechanical shutter; (7) photodi-
ode; (8) OWON digital oscilloscope; (9) HCS sample
under study.

(oxygen). The effect of the ovidizer concentration in
the surrounding gaseous medium on the characteristics
of the HCS ignition was considered in several works. In
particular, it has been shown [21, 22] that with consider-
able intensity of heat fluxes (above a certain threshold),
the mechanism of ignition of non-metal HCS and bal-
listite powders transforms from solid-phase ignition to
the gas-phase model. For semivolatile HCS, the solid-
phase thermal ignition theory was shown to adequately
describe the initial stage of combustion [23].

The integrated radiant flux (in a broad range
of wavelengths) from the DKsR-10000 xenon lamp of
Uran-1 (Fig. 2a) was focused by an elliptical mirror into
a spot 12 mm in diameter. The distribution of the radia-
tion in the spectral ranges was as follows: 0.5 kW (9%)
in the ultraviolet part of the spectrum, 2 kW (36%)
in the visible range, and 3 kW (55%) in the infrared

range. The radiation intensity of the Uran-1 setup was
measured by a calorimetric method with a relative accu-
racy of 10%. We used disc-shaped copper calorimeters
10 mm in diameter and 3 mm in thickness. The surface
of the disc which absorbed the radiation was covered
with lamp black. On the non-blackened surface of the
disc, a thermocouple was mounted at a depth of 1.5 mm.
We measured the rate of temperature changes of the
copper disc under the influence of the radiation coming
to the blackened surface of the disc, and calculated the
radiant heat flux by the formula

q =
mc

(1−R)S

ΔT

Δt
,

where m is the mass of the disc, c is the specific heat,
R is the reflectance, S is the blackened area of the disc
surface, and ΔT/Δt is the rate of temperature changes.

The ionization detector electrodes were placed at
a distance of 3–5 mm from the HCS sample. When
exposed to light, the output electrical signal from
the FD-9K photodiode triggered an ChZ-54 electronic
counting frequency meter. The appearance of a flame
activated the ionization detector, whose signal was also
fed to the frequency counter. The ignition delay time
of the HCS was determined from the frequency counter
readings.

The ignition of HCS by a monochromatic heat flux
was studied on a setup based on a CO2 continuous laser
with a wavelength of 10.6 μm and a maximum power of
100 W (Fig. 2b). The ignition delay time of the HCS
was determined by the signals of two photodiodes, one
of which triggered a digital storage oscilloscope by open-
ing the shutter and the other recorded the appearance
of the visible flame of the sample. The power of the
laser incident on the HCS sample was measured by an
IMO-2 average output power meter. Simultaneously,
the ignition surface temperature fields of the studied
HCS compositions was recorded with a Jade J 530 SB
thermal imager with digital recording on a PC in the
infrared spectral range (2.5–2.7 μm) at a frequency of
100 Hz. The relative error in measuring the tempera-
ture by the thermal imager was 5%.

The HCS ignition by a heated body was studied
under conductive heating on a hot metal plate (Fig. 3)
in the temperature range 320–480◦C. The plate surface
temperature was measured with a thermocouple. Its
junction was pressed into a channel drilled on the back
side of the plate at a distance of 1 mm from the exter-
nal (working) surface of the plate directly in the contact
area with the surface of the ignited sample. The thermo-
couple EMF was measured by a microvoltmeter. The
thermocouple was calibrated against a mercury ther-
mometer in the temperature range 0–600◦C with an ac-
curacy not more than ±1◦C. The HCS sample under
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Fig. 3. Diagram of the conductive heating of the
HCS: (1) voltage stabilizer; (2) autotransformer;
(3) ammeter; (4) microvoltmeter; (5) thermocouple.

study was attached to a holder which freely moved in
the vertical direction along a guide rod. To exclude the
thermal influence of the holder, its material was chosen
have thermophysical characteristics close to the corre-
sponding HCS characteristics (asbestos cement compo-
sition). The HCS sample was pressed to a heated metal
plate with a force of ≈3 N. The moment of ignition of
the HCS was determined by the appearance of flame.
The ignition delay tign was taken to be the time from
the moment of contact of the sample with the heated
plate until the appearance of visible flame.

To obtain each value of the ignition delay of the
HCS composition under study, we performed 3-5 du-
plicate tests. The relative measurement error (which
characterizes the scatter of experimental data) at a con-
fidence level of 0.95 was 8–18%.

Nonstationary
Combustion Processes of the HCS

A review paper [24] presents two independent
methods of measuring the nonstationary burning rate
without causing disturbances in the combustion of the
HCS: high-speed shooting of the burning surface and
the method of inverse problems of internal ballistics
based on recording the dependence of pressure on time
during the transition process of rapid depressurization
of a semi-enclosed volume.

The combustion of the HCS with rapid depres-
surization of a semi-enclosed volume selected for the
analysis of the considered methods of measuring tran-
sient velocity is of undoubted practical interest (cut-off
of the propulsion system thrust, quenching of propel-
lant, etc.), and also plays an important role in testing
physicomathematical models of nonstationary combus-

Fig. 4. Diagram of the combustion chamber with an
additional nozzle.

tion of condensed systems [25, 26]. Some versions of this
method use the hypothesis of quasistationary discharge
with the opening of additional nozzles for depressuriza-
tion and subsequent propellant quenching. Arkhipov et
al. [24] proposed a method of measuring nonstationary
burning rate based on nonstationary discharge during
the transition process.

The measurements in [24] were performed in a
model solid propellant with a cylindrical combustion
chamber 50 mm in diameter and 100 mm in length
with two nozzles (primary nozzle and secondary noz-
zle) (Fig. 4). To ensure the adiabatic process, the
internal walls of the combustion chamber were insu-
lated by inserts of a material with low thermal con-
ductivity (textolite inserts). The primary nozzle di-
ameter was calculated for the main regime of sta-
tionary combustion of the sample at a pressure of
p0 ≈4.0 MPa. The secondary nozzle diameter was var-
ied to change the depressurization rate. The secondary
nozzle was tightly covered with a burned-out plug
of ballistite gunpowder in the shape of a mushroom.

After ignition of the HCS sample, the combus-
tion in the chamber became stationary (p0 = const)
due to combustion of the sample and the powder tube.
The burn-out and discharge of the plug were followed
by rapid depressurization in the combustion chamber,
whose depth dp/dt was determined by the free volume
of the chamber and the ratio of the critical section di-
ameters of the primary and secondary nozzles.

The pressure curve p(t) recorded during the tran-
sition process was used to determine the nonstationary
burning rate u(t) by solving the inverse problem of in-
ternal ballistics [24].

Study of Acoustic Conductivity
of the Burning Surface of the HCS

The standard way to measure the acoustic con-
ductivity of the burning surface of HCS is to use a
T-chamber, which has simultaneously flammable disc-
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Fig. 5. Diagram of the setup for measuring the
acoustic conductivity of the HCS (T-chamber).

shaped samples of HCS at the opposite ends [27]. The
experimental setup is shown schematically in Fig. 5. It
includes a combustion chamber (T-chamber) 42 mm in
inner diameter, HCS samples under study, a reservoir
80 dm3 in volume, and a compressed air supply sys-
tem. A piezoelectric sensor was placed in the chamber
to measure pressure fluctuations, and a test gauge was
used to measure the average pressure level. The setup
design allows the average chamber pressure to be var-
ied in the range 1.5–10 MPa, the frequency of pressure
fluctuations in the range 0.5–4 kHz (due to changes in
the length of the T-chamber), the initial temperature
of the HCS samples in the range −30 to 50◦C, and the
burning surface area of the samples (due to the presence
of longitudinal gaps on their end surfaces.)

The HCS sample height was selected in the range
10–14 mm in order to choose a parameter value n =
Ssp/Sch (Ssp is the burning surface area of the sample
and Sch is the surface area of the chamber end) produces
only the first harmonic of longitudinal oscillations.

RESULTS OF THE STUDY

Ignition Delay Time of the HCS

In the experiments, we determined the ignition de-
lay of the HCS under study, containing aluminum pow-
der of different particle sizes, for various radiation den-
sities and temperatures of the heated block (Figs. 6–7).

The influence of the aluminum powder particle size
on the ignition by CO2laser was studied for two ba-
sic HCS (Table 3). The oxidizer excess coefficient of
both compositions was 0.55. We used the ASD-4 and
Alex aluminum powders as metal fuel. The particle
size of ammonium nitrate, HMX, and ammonium per-
chlorate ranged within 160–315 μm. Cylindrical HCS
samples 10 mm in diameter and 30 mm in height were
prepared by mechanical mixing of the initial compo-
nents, followed by through or dull pressing at a pres-

Fig. 6. Ignition delay of various HCS compositions
(see Table 3) versus radiation flux density (CO2

laser).

sure of ≈215 MPa and vulcanization. The density
of the cured samples was ρsp = 1.4–1.65 g/cm3 de-
pending on the component ratio. In duplicate ex-
periments for the same composition, the variation
in the density of the samples was not greater than
0.02 g/cm3 The porosity of the samples was consid-
ered insignificant and was not controlled. The sam-
ple surface to be irradiated was produced immedi-
ately before the experiment by cutting by a microtome
knife. The sample height was 5 mm. Its end sur-
face was smooth, with no depressions and protrusions.
The end surface of the HCS compositions was covered
by lamp black to reduce the optical inhomogeneity.
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Table 3. Compositions of the HCS under study (CO2laser)

Composition
Mass content of the components, %

AN HMX AP MPVT-LD SKDM-80 Alex ASD-4

A1 28 28 — 24 — — 20

A2 28 28 — 24 — 10 10

A3 28 28 — 24 — 20 —

B1 29 29 15 — 12 — 15

B2 29 29 15 — 12 5 10

B3 29 29 15 — 12 15 —

Note: AN is ammonium nitrate, AP is ammonium perchlorate, MPVT-LD is a tetrazole copoly-
mer plasticized by mixed nitroester plasticizer, and SKDM-80 is butadiene rubber plasticized by
transformer oil.

It is found that lamp black on the burning surface
of samples does not affect the chemical decomposition
of the components during laser ignition of HCS. Analy-
sis of the results (see Fig. 6) showed that with increas-
ing radiant flux density, the influence of addition of the
Alex ultrafine aluminum powder decreases for the stud-
ied composition A based on ammonium nitrate, HMX,
and active fuel binder. In the range of radiant heat
flux densities of 70–130 W/cm2, the ignition delay of
the composition A3 containing Alex ultrafine powder is
4.5–6.0 times smaller than that of A1, which includes
the ASD-4 micron powder. With higher heat flux den-
sity, the influence of the dispersed aluminum powder
decreases. The efficiency ratio is the ratio of the ig-
nition delay of the HCS containing micron aluminum
powder to the ignition delay time of the HCS contain-
ing ultrafine powder. For the basic composition B, it
is insignificant (K = 1.0–2.1) compared to the basic
composition A. Apparently, this is due to the thermal
resistance of the fuel binder used, an increase in the tem-
perature in the reaction layer of the condensed phase,
and the increased role of heterogeneous reactions in the
HCS ignition. Increasing the aluminum powder particle
size in the HCS decreases the ignition delay, the amount
of supplied heat, and the reaction layer thickness of the
HCS. Due to the low temperature of rapid oxidation (see
Table 2) and high chemical activity, the Alex ultrafine
powder increases the heat flux to the condensed phase
and, accordingly, increases the rate of the chemical re-
actions in the condensed layer of the HCS. The results
of thermal analysis of the HCS composition A2 showed
that the maximum rate of the chemical reactions is in
the temperature range 220–230◦C and rapid oxidation
begins at 224◦C. In the temperature range 550–582◦C
the Alex ultrafine powder additive makes an additional
contribution to the process of heat release.

Table 4. Compositions of the HCS
under study (Uran-1)

Composition
Mass content of components, %

AP BR HTPB Alex ASD-4

1 72 18 — — 10

2 72 18 — 10 —

3 62 — 18 — 20

4 62 — 18 20 —

Note: BR is butyl rubber and HTPB is hydroxyl-
terminated polybutadiene rubber.

Thermal imaging of ignition [28] of the basic HCS
composition A with constant emissivity of the sample
surface ε = 0.95 showed that, at a radiant heat flux
density of 60 W/cm2, the appearance of visible flame
of the compositions A2 and A3 containing Alex occurs
near the condensed phase of the sample surface at mod-
erate temperatures of 660 and 545◦C. For the composi-
tion A1 containing ASD-4, visible flame appears at an
average surface temperature of ≈715◦C, accomanied by
melting and foaming of the fuel binder. With further
supply of heat, the outflow of gaseous decomposition
products of the oxidizer and fuel binder slows down. It
is assumed that due to large aluminum particles, the
reaction layer thickness increases and heat release due
to chemical reactions occurs in deep layers.

At a certain temperature, the gaseous products of
decomposition of the oxidizer and fuel binder are rapidly
released with discharge of the condensed layer of the
sample into the flame zone. The dispersed layer burns
with intense heat release. The average surface tem-
perature of the sample increases sharply to 820◦C, the
ASD-4 aluminum powder reacts, and a self-sustaining
combustion regime of the HCS is established.



632 Arkhipov et al.

Fig. 7. Ignition delay of various HCS compositions
(see Table 4) versus radiation flux density (Uran-1)
(a) and the temperature of the heated block (con-
ductive heating) (b).

The Uran-1 integral radiant heating and conduc-
tive heating setups were used to study the model com-
positions of the HCS under study (Table 4) based on
AP and inert fuel-binder (butyl rubber and hydroxyl-
terminated polybutadiene rubber ) with the addition of
aluminum powder.

Analysis of the results (see Fig. 7a) showed that
the ignition delay of composition 1 containing ASD-4
decreases from 0.20 to 0.015 s with increasing heat flux
density in the range of 70–280 W/cm2 and for composi-
tion 2 containing Alex it decreases from 0.16 to 0.015 s
in the radiant flux density range of 58–214 W/cm2.
With the same radiant flux density, the ignition delay
of the HCS containing Alex is smaller than that of the
compositions with ASD-4, and the difference increases
with increasing flux density.

The conductive heating setup was used to measure
the ignition delay of the HCS with variation in the sur-
face temperature of the heated block (see Fig. 7b). The
data in the figure show that with increasing surface tem-
perature of the block, the efficiency ratio of the Alex
ultrafine aluminum powder increases.

The influence of ultrafine aluminum powder on the
ignition of the HCS is determined by the possibility of
rapid oxidation of aluminum powder particles on the
burning surface or in the immediate vicinity of it. If
oxidation of aluminum particles occurs in the heated
layer, an abnormal ignition regime is possible. Such a
regime was found in the ignition of HCS with ultra-
fine aluminum powder with heat supply from a heated
block [19, 29], when the flame appearance was accom-
panied by a loud sound effect, surface layer cracking, its
fragmentation, and burnout. When heating by integral
luminous heat flux, anomalous ignition of the HCS was
observed only when a metal plate was on the sample
surface.

Nonstationary Burning Rate of the HCS

The effect of the aluminum powder particle size on
the burning rate during depressurization of the combus-
tion chamber was studied using a model HCS compo-
sition containing 41% AP, 30% HMX, 14% SKDM-80,
and 15% aluminum powder (Alex or ASD-4) of vary-
ing particle size [30, 31]. We used samples 40 mm in
diameter and 30 mm in height reinforced on the lat-
eral surface. Preliminarily, we measured the stationary
burning rate of the model HCS composition in a bomb of
constant volume at an ambient pressure of 0.1–6.0 MPa
and determined the pressure dependence of the burning
rate: u = 1.14p0.4 for the composition with ASD-4 and
u = 1.35p0.47 for the composition with Alex (u in mm/s
and p in atm).

Figure 8 presents the results of study of the non-
stationary burning rate of the model HCS containing
ASD-4 or Alex. The dependence u(t) calculated on the
basis of Zel’dovich phenomenological theory [26] (sur-
face temperature Ts = const), agrees qualitatively with
the measured dependence, with a quantitative discrep-
ancy of up to 32% for the composition with ASD-4.

Analysis of the results obtained for the nonstation-
ary burning rate of the HCS (see Fig. 8) showed that
during the transient combustion, the dependence u(t)
for the composition with ASD-4 is oscillatory with a
frequency of about 4 Hz. In this case, the deviation of
u(t) from quasistationary combustion can reach 32%.
For the composition with Alex, the dependence u(t) is
also oscillatory with about the same frequency, though
the deviation from the quasistationary value is less—
28%.
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Fig. 8. Burning rate of the HCS composition based
on AP, HMX, and SKDM-80 containing Alex pow-
der (a) and ASD-4 powder (b) versus time of opening
of the secondary nozzle.

Acoustic Conductivity
of the Burning Surface of the HCS

The effect of the particle size and the content of
aluminum powders on the acoustic conductivity of the
burning surface was studied using a model HCS compo-
sition based on AP and SKDM-80 butyl rubber contain-
ing up to 17.5% (by weight) aluminum powder. In the
T-chamber, a series of experiments was performed to
study the acoustic conductivity of the model HCS com-
position. Analysis of the results (Fig. 9) showed that
the pressure increase in the combustion chamber leads
to reduction of the maximum acoustic conductivity and
to a shift of this maximum to the range of high fre-
quencies. That is, an increase in combustion chamber
pressure impairs the wave amplification on the burning
surface of the HCS. A significant effect on the acoustic
conductivity of the model composition is exerted by the
mass content and particle size of the aluminum powder.

Fig. 9. Acoustic conductivity of the HCS compo-
sition based on AP and SKDM-80 versus frequency
with different content of ASD-4 and pressure varia-
tion in the T-chamber.

Increasing the mass content of the ASD-4 powder in the
HCS from 3 to 16% stabilizes combustion due to damp-
ing of acoustic vibrations by aluminum oxide particles
which are condensed combustion products. Replacing
the ASD-4 micron aluminum powder by the Alex ultra-
fine powder increases the acoustic conductivity of the
burning surface of the sample and reduces the damping
in the volume of the T-chamber [27].

CONCLUSIONS

1. The ignition delay of the heterogeneous con-
densed systems decreases with increasing particle size
of the aluminum powder due to small particle size and
small oxide layer thickness, lower temperature of the
beginning of rapid oxidation, and the high chemical ac-
tivity of the Alex ultrafine aluminum powder, which
increases the rate of heat transfer into the condensed
reaction layer.

2. The appearance of visible flame of the HCS
based on ammonium nitrate and energy fuel binder con-
taining the Alex ultrafine aluminum powder, at a heat
flux density of 60 W/cm2 occurs near the surface of
the condensed phase of the sample at an average tem-
perature of ≈545◦C. Decreasing the aluminum powder
particle size in the HCS increases the average ignition
surface temperature, heating time, and reaction layer
thickness and decreases the rate of chemical reactions.

3. Experiments with rapid depressurization of the
combustion chamber showed the stabilizing influence of
the ultrafine aluminum powder (compared to the mi-
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cron size powder) on the combustion of the heteroge-
neous condensed system. The amplitude of the burning
rate oscillation with respect to the quasistationary de-
pendence u(t) for the studied composition with Alex
ultrafine aluminum powder is smaller than that for the
composition with micron aluminum powder. This indi-
cates that the introduction of ultrafine powder reduces
the dependence of the nonstationary burning rate of
the HCS on the pressure change rate in the combustion
chamber.

4. The acoustic conductivity of the heterogeneous
condensed systems is significantly affected by the mass
content and particle size of aluminum powder. Increas-
ing the content of the ASD-4 micron aluminum pow-
der in the fuel from 3 to 16% stabilizes the combustion
process, which is associated with the damping of acous-
tic vibrations by the condensed combustion products—
aluminum oxide particles. Replacement of micron alu-
minum powder by ultrafine powder increases the acous-
tic conductivity of the burning surface of the sample and
reduces the damping in the volume of the T-chamber,
thus increasing the possibility of oscillatory combustion
in the combustion chamber.

The work was performed as part of the fed-
eral target program “Research and Development in
Priority Areas of Development of the Scientific-
Technological Complex of Russia for 2007–2013 Years”
on the subject “Application of Metal Nanopowders
in Energy and Ceramic Technologies” (State Contract
No. 2011-1.9-519-001-020).
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