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Nanoaluminum as a Solid Propellant Fuel
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Experimental studies on the burning of nanoaluminum-based solid rocket propellants are carried out. Data on the
properties of condensed combustion products, mechanisms of their formation, and burning-rate law are obtained.
Based on these data, a physical picture is developed of the considered burning-propellant classes. Mathematical
modeling of burning nanoaluminum in composite solid rocket propellants is carried out. The influence of
nanoaluminum on ignition temperature of the metal fuel and burning-rate law is shown. The results of this study
allow carrying out the analysis and selection of good-quality propellants using nanoaluminum.

Nomenclature
A,A,, = constant factors
A,, A;
a, = molar fraction of oxidizing gases (oxidizing potential

of the environment)
Cim = specific heat of the metal

cp = molar isobaric specific heat

Cpum = molar isobaric specific heat of the metal vapor

Dy = mass-average diameter of agglomerates

dyg = mass-average diameter of smoke oxide particles

E, E; = activation energy

fm (D) = mass function of size distribution density of
agglomerates

fm (d) = mass function of size distribution density of smoke
oxide particles

I, = specific impulse

J i = density of molar stream of the ith oxidizing gas
interacting with the metal-particle surface

Ly = molar evaporation heat of the metal

l = oxide film thickness

m, m;, = constants

ny

Nu = Nusselt number

n = pressure exponent

ns = amount of oxidizing gases

P = pressure of the environment

P; = partial pressure of ith oxidizing gas

0, = heat power released by chemical interaction of the
metal with the environment

0, = heat power lost by thermal interactions of a metal

particle with the environment
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0. = convective component of heat power

0, = radiant component of heat power

0, = conductive component of heat power

m = component of the heat flux value to the propellant
surface caused by combustion of the metal

q, = density of conductive heat flux

R = universal gas constant, J/(mole - K)

Ry = characteristic size of a particle

o = propellant steady burning rate

r, = distance between metal particles

T, = temperature of the metal particle

Ty = temperature of the burning area

T4e = decomposition temperature of carbonaceous
elements

Tign = ignition temperature of the metal

T, = particle temperature at the moment of ignition

T,.T = temperature of the metal and environment

Z, = fraction of unburned metal in agglomerates relative
to initial metal in propellant

V4 = fraction of initial metal in propellant used to form
agglomerates

zZx = fraction of initial metal in propellant used to form
oxide in agglomerates

o = convective heat transfer coefficient

o, = gas-phase radiation-absorption coefficient

Al = molar thermal effect of the interaction of the ith
oxidizing gas with metal

e = effective emissivity

&g = emissivity of the gas phase

Em = emissivity of the metal particles

n = mass fraction of oxide in agglomerate

A = thermal conductivity

P = density of the metal

0y = Stefan—-Boltzmann constant

o(x) = parameter dependent on the particle-surface fraction
free from oxide (x)

X = fraction of the metal-particle surface free from
crystal oxide

Q = area of the metal-particle surface interacting with the
gas phase

Q, = area of the metal-particle surface in contact with the
condensed phase

Q3 = surface area of the burning metal

I.

NE of the modern directions to improve solid rocket
propellants is to resort to nanosized components. Within the
framework of this direction, essential changes of the burning-rate law
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may occur and the performance of solid propellants may increase.
During the last decade, researchers of various countries undertook
vigorous efforts in experimental studies regarding burning processes
of nanoaluminum-based propellants. As a general rule, aluminum
powders with a particle size of ~100 nm were used.

It is possible to state that the burning rates of solid rocket
propellants essentially increase when changing from traditional
aluminum powders into nanoaluminum [1-9]. However, the data so
far collected on the influence on burning-rate magnitude and pressure
sensitivity are inconsistent [1-9]. It is commonly accepted that the
use of nanoaluminum causes a decrease in the metal ignition
temperature [10].

Two aspects of the influence of nanoaluminum powder on
propellant characteristics can be observed. First, using this ingredient
yields condensed combustion products (CCP) capable of providing a
decrease in specific-impulse losses. Second, using metal fuel in the
form of nanostructure (i.e., particles without a volumetric phase) may
result in an increase of propellant energy potential, due to the
incorporation of not only chemical energy, but also intermolecular
interaction energy [11]. It is emphasized that the creation of
propellants based on nanostructures is now at its initial stage. In
general, problems such as the creation of nanostructures and their
introductions in propellant composition are not yet solved. In the
open literature, one can find only a limited amount of publications
(see, for example, [12]) in which similar propellants are considered.

The influence of nanoaluminum on the propellant energy
characteristics is connected in particular with the influence of this
ingredient on CCP characteristics. The basic process determining
these characteristics is the agglomeration process.

Different interpretations exist to describe the influence of
nanoaluminum on metal-fuel agglomeration at the surface layer of
the burning propellant. Virtually all works ([4,13], etc.) so far carried
out point out that introducing metal fuel in the form of nanoparticles
implies a reduction of the CCP particle size. It is fair to say that
agglomeration of burning nanoaluminum-based propellants has
peculiar features that are not yet sufficiently investigated.

In addition, there is no detailed information about the
characteristics of all CCP sets formed during the burning of
nanoaluminum-based propellants or about the description of the
CCP formation mechanism. Because this mechanism is directly
connected with the influence of the metal fuel on the solid propellant
burning rate, there are also problems with the description as a whole
of the burning mechanism of this propellant class.

It is necessary to emphasize the rather low level of generalization
of the experimental data on the burning of nanoaluminum-based
solid propellants. There are open questions as to the influence of this
ingredient on propellant burning rate and CCP properties. Moreover,
works on mathematical modeling of nanoaluminum burning in
composite solid propellants are unknown to the authors.

A significant problem regarding the fruitful use of nanoaluminum
is the capability to preserve its activity. Results from recent research
programs allow to look with optimism at the solution of this problem
(see, for example, [14]).

The purposes of the present work are as follows:

1) Generalize the available body of experimental results regarding
nanoaluminum influence on the mechanism of propellant burning.

2) Provide a mathematical model of nanoaluminum burning in the
propellant surface layer.

3) Point out useful directions for effective applications of
nanoaluminum.

II. Experimental Research of Burning
Nanoaluminum-Based Propellants

Experimental research activities for obtaining information on the
mechanism of nanoaluminum-based propellant burning have been
carried out at Baltic State Technical University (St. Petersburg,
Russia) and at Space Propulsion Laboratory of Politecnico di Milano
(Milan, Italy).

Experiments were carried out using compositions based on inert
binders and various oxidizers: ammonium perchlorate (AP),

ammonium nitrate (AN), and cyclotetramethylenetetranitramine
(HMX) in the pressure range of 0.1-7.0 MPa. (The data on
compositions, which are quoted subsequently, are given in Tables 1
and 2 and in the text.) The experimental techniques of these
investigations are described in [15-19], and their results are partly
published in [20-22].

Note some basic points of the experimental methods employed:
quench collection of condensed combustion products in the gas-
phase zone above the burning surface and direct study of the products
including mass, chemical, structural analyses, and particle size
measurements; study of combustion residues obtained using special
plates; measurement of propellant steady burning rate; and high-
speed and high-resolution digital visualization of burning processes.

The essential features of the implemented techniques are the
opportunity to collect not less than 95% of the weight of all CCP and
to carry out particle analysis for sizes ranging from tens of
nanometers up to 1000 pm.

The accuracy of quantitative parameters Z,,, Zo, Z%,, Dy, dy3, 1,
and r, was determined by means of statistical processing of
experimental data. As a rule, a high value of confidence probability
(0.997) was used. Detailed information on the values of the
confidence intervals is given in the cited references. Functions f,,
(D) and f,, (d), described subsequently, correspond to the
experiments carried out.

By analyzing the photographs of particles collected, their
microsections as well as combustion residues on the plates and video
recordings of burning information about the general trend of the
investigated process can be obtained. Let us next consider the
obtained results in a concise form.

A. Surface Layer

Investigation of the surface-layer structure was conducted by
analyzing the combustion residues on inert plates [23]. It is presumed
that those residues correspond to a specific structure of the surface
layer, which plays a very important role in the process of propellant
combustion and was given the name of the skeleton layer [23]. In
addition, high-resolution video recording was used to analyze the
surface-layer properties.

For what follows, it is convenient to review the basic features of
propellant classes A and B, as already discussed in [23]. For burning
propellants of class A, the metal ignition temperature is less than the
decomposition temperature of carbonaceous elements. The skeleton
layer of these propellants consists of a carbon skeleton with pores
filled by liquid metal and oxide. For example, AN-based propellants
[22] belong to class A. In contrast, for burning propellants of class B,

Table 1 AN-based composition

Substance, % AN1 AN2
AN coarse? 33 33
AN fine? 33 33
Al regular® 22 —_—
Al nanosized? - 22
Isoprene rubber 24 24
Oil (CyH35) 9 9
Additives 0.6 0.6

“Size of particles is 250-350 pm.

bSize of particles is 40-70 pm.

“Mass-mean diameter of particles is 10.5 pum.
dSpecific surface is 10-20 m?/g (size ~0.1 jm).

Table 2 (AP/HMX)-based composition

Substance, % N2 N4

Plasticized binder 14.0 14.0
AP? 68.9 49.9
Al nanosized? 9.0 16.0
Al regular 8.0 e
HMX —_— 20.0

“Size of particles is 160-315 pm.
bSpecific surface 12.4 m?/g.
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the metal ignition temperature is higher than the decomposition
temperature of carbonaceous elements. The skeleton layer of these
propellants consists of the initial metal particles fastened among
themselves. Examples of this class are propellants based on AP, inert
binder, and micron-sized aluminum [23].

Based on this general distinction, it is possible to identify two
types of skeleton layer for nanoaluminum-based propellants. First, it
is a skeleton-layer analog of the corresponding structure of class A
propellants [23]. The size of agglomerating particles forming on the
surface of this layer is as close as an order of magnitude to that of the
agglomerates formed for micron-sized-aluminum-based propellants.
We shall designate this kind of propellant as nanoA. A distinctive
feature of similar propellants based on AN is that a skeleton layer is
formed in all structural formations of propellant (both in pockets and
on interpocket bridges) [22]. In contrast, for propellants based on AP
and HMX, the skeleton layer is formed only in pockets [20].

Second, it is a skeleton-layer analog of the corresponding structure
of class B propellants [23]. The size of agglomerating particles on the
skeleton-layer surface is smaller by more than an order of magnitude
with respect to the size of agglomerates from the burning of
propellants based on micron-sized aluminum. One distinctive feature
of the resulting skeleton layer is that it covers the entire propellant
surface free from oxidizer particles. We shall designate this kind of
propellant as nanoB. The top part of the skeleton layer for a
propellant type nanoB is shown in Fig. 1.

Let us emphasize the differences between propellants such as
nanoA and nanoB. These differences consist of the properties of the
surface layer and the size of agglomerating particles. The size for
nanoA propellants is approximately 10 times that of nanoB
propellants. Note that the research was carried out using only inert
binders of various types. It is likely that the use of active binders will
change the laws of surface-layer formation [24].

B. Condensed Combustion Products

Generally, the size of CCP particles is within rather wide bounds
(from fractions of a micrometer up to 1000 um). However,
irrespective of the particle size, it is always possible to allocate two
fractions that are formed by particles of two types: agglomerates and
smoke oxide particles (SOP) [23,25]. Agglomerates are the particles
formed by the merging of condensed substances at the propellant
surface layer. Smoke oxide particles are products of metal
combustion in both this layer and the layer above the propellant
surface in the gas phase.

The basis for allocation of these fractions results from the analysis
of mass function of particle-size distribution density. Separate modes

50 um

Fig. 1 Videogram fragment of the surface layer of propellant type
nanoB (P = 0.5 MPa) based on AP/hydroxyl-terminated polybutabiene
(HTPB) (courtesy of the Space Propulsion Laboratory of Politecnico di
Milano).

(set of modes) correspond to the specified fractions. It is assumed that
the size of agglomerates cannot be less than the size of initial metal
particles.

Agglomerates, consisting of drops of aluminum and its oxide,
have a fairly complex structure [20-23,26]. The present level of
knowledge allows the belief that smoke oxide particles have no
cavities and are of spherical form [19].

CCP properties differ essentially for propellants of the
aforementioned types (nanoA and nanoB).

1. Propellant Type NanoA

a. Agglomerates. Formation of agglomerates occurs mainly
according to the pocket mechanism [23] for propellants based on AP
or HMX. The basic type of agglomerate is that with cap oxide [20].
Mass functions of agglomerate-size distribution density for one of
the AP-based investigated compositions are reported in Fig. 2.

The basic types of agglomerates are hollow agglomerates for AN-
based propellants [22,26]. The formation of agglomerates occurs as a
result of the realization of interpocket merging. Both the mass
fraction of the metal forming agglomerates (Zg, ~ 0.65) and the
fraction of oxide in the composition of agglomerates (n ~ 0.8) are
rather large. The mass function of agglomerate-size distribution
density for one of the AN-based investigated compositions is
reported in Fig. 3.

b. Smoke Oxide Particles. The size and amount of SOP
essentially differ for compositions based on AP or HMX vs AN. In
the first case, the size of these particles is much smaller and the
amount is greater; the opposite is true in the second case. Mass
functions of size distribution density of smoke oxide particles for
some AP/HMX-based and AN-based investigated compositions are
reported in Fig. 4.

2. Propellant Type NanoB

a. Agglomerates. Distinctive features of agglomerates are
essentially the smaller size (Fig. 5) and increased amount (Z¢, ~ 0.9).
The size of agglomerates is found to be virtually independent of
pressure. In addition, a new type of agglomerate is found.
Agglomerates of this type are made by metal particles covered by
oxide. The structure of these agglomerates is shown schematically in
Fig. 6.
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Fig. 5 Mass function of size distribution density of agglomerates for
composition N4 (P = 6.0 MPa).

Oxide

Agglomerate with
metal covered oxide
Fig. 6 Structure of agglomerates (metal covered by oxide).

b. Smoke Oxide Particles. Distinctive features of these
particles are an unusually small size (Fig. 3) and a rather small
amount. We shall emphasize that the fraction of these particles in a
flow is determined by the value of 1 — Z%,.

C. Burning Rate

Generalizing the available experimental information on burning
rate of nanoaluminum-based propellants, it is possible to ascertain
the following. Use of nanoaluminum unequivocally yields an
increase of burning rate (Fig. 7). But the nanoaluminum’s influence
on the pressure exponent (n) is not unequivocal. The application of
nanoaluminum can result in the increase of this parameter, its
decrease, or its constancy. However, it is possible to note the
following tendency. As arule, a decrease of parameter n takes place
for propellants of nanoA type, whereas the opposite is true for
propellants of nanoB type.

III. Physical Picture of Burning of Nanoaluminum-
Based Solid Rocket Propellants

It is to be expected that burning features of nanoaluminum-based
composite solid rocket propellants are connected to the burning of
the metal fuel. The behavior of this ingredient in the propellant
burning wave depends on whether or not the metal fuel participates in
forming the skeleton layer and on the actual skeleton-layer
properties. Generally, all metal-fuel particles can be divided into two

(S ]

35

1 T 10 100
Pressure, p, bar

Fig. 7 Steady burning rate for some aluminized propellants: 68%

bimodal AP (20% fine and 80% coarse), 15% monomodal Al, and 17 %

HTPB binder. (The average diameters of metal-fuel particles for

compositions Py;—Py; are equal to, respectively, 0.145, 0.363, 3.035,

22.16, and 50 pm.)

groups: those forming a connected structure at the surface layer and
those keeping their individuality. If agglomerates are formed only
out of the metal fuel forming a skeleton layer, SOP formation
generally occurs from all metal fuel. Also, burning rate generally
depends on all metal fuel (i.e., whether or not it participates in the
skeleton-layer formation).

Let us consider the properties of the skeleton layer for
nanoaluminum-based propellants and the fraction of the metal fuel
participating in the skeleton-layer formation. A necessary condition
for the formation of skeleton layer is the creation of connected
structures from metal particles [23]. In turn, this is connected with the
occurrence of two phenomena:

1) A carbon skeleton is formed during propellant burning.

2) A connected structure is created from the initial metal particles
in the propellant.

The skeleton layer for propellant type nanoA has properties
similar to those of class A propellants [23]: the ignition temperature
of the metal fuel is less than the decomposition temperature of
carbonaceous elements (i.e., Tjp, < Tyc). Thus, for this class of
propellant, the initial metal particles lose their individuality only
during agglomeration, and the initial material for formation of
agglomerates is liquid Al-Al,O;.

The fraction of the metal fuel forming the skeleton layer depends
on the ability of propellant to form a carbon skeleton. Although
virtually all metal fuel participates in the skeleton-layer formation for
AN-based propellants [22], only the metal fuel of pockets
participates in the skeleton-layer formation for AP- and/or HMX-
based propellants [20].

Smoke-oxide-particle formation occurs for agglomerating metal
fuel burning in the gas-phase mode and for nonagglomerating metal
fuel burning in the gas-phase layer above the surface. The size of
formed particles depends on the size of burning particles, growing
with an increase of the latter.

Burning of both agglomerating and nonagglomerating metal is
potentially capable of affecting the propellant burning rate. An
obvious condition for this effect to occur is the closeness of the metal
zone with thermal emission to the propellant burning surface.

The skeleton layer for propellant type nanoB has properties similar
to those of class B propellants [23]. It is assumed that the skeleton-
layer formation for these propellants depends on the formation of
connected structures from the initial metal particles in the propellant
during its manufacture. Thus, a basic difference between propellants
such as nanoA and nanoB is that the initial metal particles keep their
individuality in propellants of the first type and lose it in propellants
of the second type. Although not yet fully clear, we believe that the
implemented manufacturing technology is the main reason for the
development of propellant types nanoA and nanoB. As a matter of
fact, using special pastes to introduce nanoaluminum in propellant
composition promotes the occurrence of the nanoA type of
propellants.
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As a consequence of the formation of connected structures during
the propellant manufacture, the skeleton-layer formation in this
instance is not connected with the burning process. Thus, the
propellant structure does not influence either the skeleton-layer
formation or the fraction of the initial metal fuel participating in its
formation; hence, agglomeration only depends on the degree of
cohesion of the initial particles in the propellant. Experimental data
give the basis to believe that this effect is rather large. Features of the
skeleton-layer structure result in an increase of heat losses by metal
particles during burning and therefore of their ignition temperature.
Under these circumstances, the condition T, > Ty, takes place. It
represents the metal skeleton, consisting of the initial metal particles
fastened among themselves. After ignition of the skeleton-layer
particles, the merging and formation of agglomerating particles take
place. The size and structure of formed agglomerates depend on the
residence time of particles on the skeleton-layer surfaces and on the
features of the agglomerating particles’ evolution. The residence
time is basically determined by the characteristics of the skeleton-
layer nonuniformity [27]. In this instance, the occurrence of the
nonuniformities responsible for agglomerating particles breaking
away from the skeleton-layer surface is connected with the process of
propellant manufacturing. Their characteristics do not depend on the
actual burning process. This circumstance apparently determines a
weak dependence of the agglomerate size on pressure.

After ignition, the burning of particles is carried out in
heterogeneous mode [23]. Burning in this mode can be considered as
one stage of the evolutionary process agglomerating particles on the
skeleton-layer surface. Small sizes of agglomerating particles and
high levels of heat losses result in a prolonged duration of this stage.
A consequence of this circumstance is that the burning of some
particles does not pass in gas-phase mode, and agglomerates of a new
type are formed (Fig. 6), consisting of a central metal core
surrounded by an oxide layer.

The formation of smoke oxide particles occurs for the combustion
of only the minor portion of the initial metal that does not form
connected structures. The small size of burning particles results in
sharp falling of the SOP size. The burning agglomerating metal is
certainly capable of influencing the propellant burning rate.

IV. Mathematical Modeling Ignition and Burning
of Nanoaluminum

Mathematical modeling is meant to provide an understanding of
the features of nanoaluminum burning in solid propellant
compositions and their influences on the corresponding burning
laws. In this respect, the ignition temperature and particle burning
rate are of crucial importance. However, both phenomena are
extraordinarily complex. Among the relevant factors that determine
this circumstance, one should note the following:

1) Relevant fields (temperature, concentration, etc.) have a non-
one-dimensional character.

2) Particles interact with the environment at high speeds.

3) Various phenomena provide this interaction.

4) There is a wide spectrum of particle sizes.

Taking the preceding into account, the possibility of exactly
defining the specified properties is seen as illusory. Thus, only the
influence of those or other factors on the wanted properties can be
determined. First, the influence of the size of nanosized range
particles was investigated.

A. Metal Ignition

The ignition temperature is one of the major characteristics of the
ignition process. It is the minimum temperature at which transition to
self-sustained burning is possible. The mathematical description
providing a definition of this temperature is based on the energy
balance equation and conditions of the failure of a thermal balance:

dTm
dt

'(cm'pm'vm)zAQ:Ql _QZ (1)

do, _dg, = d(AQ)
dT ~— dT dTr

AQ=0,-0,=0 =0 @

Let us consider the situation by which the temperature of the metal
particles is higher than melting temperatures but much lower than
boiling temperatures. The released heat power Q; is generally
determined as

ny
01 =x-21 Y J,AlL ©)
i=1
where
m; E
Jy =A-P -exp(—ﬁ) “4)

The lost heat power (Q, includes the three components
(convective, radiant, and conductive) describing the particle heat
transfer with the environment:

0y =0y + Qo + Oy (5)
These components can be determined as follows:
Q2c=a'Ql'(Tm_T) (6)
Oy =e-00-Q - (T, —T*) @)
0,=8,-q, 3

The solution of the system of equations (1) and (2) in view of
expressions (3-8) allows us to determine the temperature values T
and T,,, which provide an estimate of the ignition temperature T},
and particle temperature at the moment of ignition (73,).

Let us consider the principles of determination of values Q, and
0, under various conditions. The laws of chemical kinetics
interaction of the metal with the gas phase are different for pockets
and interpocket bridges. In the first case, one can assume that the rate
of chemical interaction is determined by the diffusion of oxidizing
components in the gas phase. Then Eq. (4) takes the following form:

E
Ju =4 'ak'exp(_ﬁ) &)

In the second case, considering the gas-phase properties for
interpocket bridges [23,28], one can assume that the rate of the
interaction is determined by processes of adsorption (desorption) and
the actual chemical interaction between the metal and gas dissolved
in it. The basic oxidizing gases are CO, and H,O. Taking into
account that these gases are triatomic, their dissociation is rather
probable at adsorption.

Taking into account the nature of the phenomena determining the
chemical interaction rate, a possible range of values for the parameter
m in Eq. (4) is 0-1. By accepting m = 0.5, the kinetic interaction is
described as

E
J“=A2-a2'5-P0'Sexp(—R.T ) (10)

The greatest interest is represented by the radiant component of the
heat flux when estimating the Q, value. This depends on the distance
r, between metal particles. The resulting emissivity is a function of
this distance [i.e., ¢ = &(r,,)]. It is possible to estimate the value of &
as follows:

E=16,"& (11)
with

g, =1—exp(—a,-r,)
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where «, is the gas-phase radiation-absorption coefficient. The
dependence of the parameter r,, on the amount of particles, and hence
their size, is obvious. When the size of particles is reduced, heat
losses fall and the ignition temperature drops as well.

Let us consider some results of numerical simulations. Reducing
the size of the metal initial particles unequivocally yields a drop of
ignition temperature (Fig. 8). This result holds true for both pockets
and interpocket bridges. However, for increasing pressures, the value
of Ty, varies insignificantly for pockets, whereas it falls for
interpocket bridges. This result is due to the fact that the chemical
interaction rate does not depend on pressure for pockets, whereas it
increases with increasing pressure for interpocket bridges [Egs. (9)
and (10)].

It is of interest to compare the T, values in the skeleton layer of
propellant types nanoA and nanoB. The skeleton-layer features for
the nanoB propellant type result in larger conductive heat losses by
particles and, as a consequence, in larger T}y, values.

The results of modeling show that if the initial nanoaluminum
particles in propellant keep their individuality, the metal ignition
temperature falls. Otherwise, in propellants with connected
structures, this temperature increases.

B. Metal Burning

It is possible to assume that the physical nature of burning
nanosized aluminum does not undergo significant changes and that
its burning law is the same as that of micron-sized aluminum. If so,
differences would consist only of a sharp increase in the particle
burning surface. However, interesting work has recently been
conducted for nanoaluminum particles burning in a shock tube,
showing a transition from vapor-phase diffusion-limited to near-
surface-limited combustion (Bazyn et al. [29,30]).

The burning of metal fuel in a surface layer is a multistage process
[9,23]. Burning is carried out in a heterogeneous mode directly after
ignition. At the first stage, the gaseous oxidizer interacts with the
metal for which mechanical destruction of the initial oxide film
occurs. The oxide so formed does not provide restoration of the oxide
film’s protective properties. The kinetic processes are determined by
the oxidizing component’s diffusion in the gas phase for metal-fuel
pocket burning or by oxidizing-gas adsorption for metal-fuel
interpocket-bridge burning. The second stage begins when the
particle temperature reaches the oxide melting point, when particles
become covered by a continuous fused-oxide film. The burning
kinetics at this stage are determined by the diffusion of reacting
components through this film. The second stage ends after the break
of the oxide film and transition of burning to the gas-phase mode. The
time dependence of the particle temperature after ignition is
schematically shown in Fig. 9.

Equations (9) and (10) can be used to describe the particle burning
kinetics at the first stage of heterogeneous burning for the conditions
of pocket and interpocket bridges. For the second stage of
heterogeneous burning, the kinetics are described by the following
expression [9,28]:

Tign, K

1100 /
1080 /
1060 /
1040 /
1020 /

1000
0

1 2 3 d, um

Fig. 8 Dependence of the temperature of metal ignition on the size of
particles (P = 4.0 MPa).

Thel The2 t

Fig. 9 Dependence of the temperature of a burning particle on time
(tye1 and 4, ., are the moments of time corresponding to the end of the first
and the second stage of heterogeneous combustion).

Az E;
J”3:T.6Xp(_R~Tm).T'".a"mz (12)

where J ;3 is the molar stream density of a substance at the second
stage of heterogeneous burning, and m, ~ 1.5-2.0.

For the description of the gas-phase burning kinetics, the
expressions obtained for the agglomerates’ evolution in the gas phase
[31] can be used:

AR 0(X)Nu (A) {2 (cp) (A)
Jo, =R (2 2, (2] (L
pa Q; c,/J1 13 k AJy \e,/)u

T (7% (T = Ta) + 1)} (13)
Ly

where J ,, is the molar stream density of a substance at the gas-phase
burning stage, I is the area between the particle surface and the
burning zone, and II is the area between the burning zone and the
environment.

C. Metal Burning and Burning Rate of Propellant

A model describing the metal burning influence on the propellant
burning rate was proposed in [32]. Thismodel is based on the
Beckstead—Derr—Price philosophy [33]. Results of numerical
simulation obtained through this model have shown a nano-
aluminum influence on the propellant burning rate, which involves a
reduction of the T, value.

For propellant type nanoA, if the metal-fuel combustion is
basically carried out at the boundaries of pockets, a decrease in
burning-rate dependence on pressure takes place. Otherwise, if a
significant fraction of the interpocket bridges exists, this dependence
grows. This growth is a consequence of the fact that when metal fuel
burns at the pocket boundaries, the basic contribution to the heat flux
to the propellant surface, due to metal combustion ¢,,, causes metal
burning according to the first stage of heterogeneous burning. This is
carried out in diffusive mode. As a result, a decrease in the pressure
dependence of the heat flux acting on the propellant condensed phase
takes place for increasing pocket fraction.

For propellant type nanoB, the skeleton-layer features an
increased heat conductivity. This causes an increase of ¢,, at the
second stage of heterogeneous metal-fuel burning. The dependence
of the heat intensity on pressure at this stage has a contradictory
character. On one hand, by increasing the pressure, the thickness of
the oxide layer [parameter / in Eq. (12)] increases, and therefore the
burning rate decreases. On the other hand, the particle temperature
increases, accelerating the diffusion rate of reacting components in
liquid oxide and the metal burning rate. However, as the dependence
of the diffusion rate on temperature has an exponential character, the
second factor prevails. Then with an increase in pressure, the heat
intensity as a whole increases. Thus, the metal-fuel influence on the
burning rate of propellant type nanoB results in some increase of the
pressure exponent.

V. Conditions for Effective Use of Nanoaluminum

Let us consider the requirements for the use of nanoaluminum as a
fuel in solid rocket propellants. Under the condition of preserving a
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Opportunity of problems solution

Slag formation The solution is possible

Propellant Additional losses I, | The solution is possible
type nano A Control of the burning | Ample opportunities
rate law
Opportunity of problems solution
Slag formation The problem is absent
Propellant Additional losses I, | The solution is possible
type nano B Control of the burning | Opportunities are limited
rate law

Fig. 10 Type and behavior of propellants based on nanosized
aluminum.

fairly high reactivity of the metal fuel, the requirements can be
formulated as follows:

1) There is an increase in burning rate and decrease in its pressure
dependence.

2) There is a search of the agglomeration process parameters,
leading to insignificant slag formation in the motor chamber.

3) There is a minimization of losses of specific impulse /,.

The results obtained in this paper allow a number of conclusions
concerning the efficient use of nanoaluminum as a solid rocket
propellant fuel. As for the choice of types nanoA and nanoB, further
investigations are necessary. In the case of propellants of type nanoB,
the problem of slag formation in the motor chamber is virtually
absent. However, the possibility of metal agglomerates being
covered by oxide can result in an increase of combustion inefficiency
and specific-impulse losses. In the case of propellants of type nanoA,
one can imagine an ideal situation in which the ratio between the two
basic CCP fractions is optimum, leading to minimum slag formation
and minimum I, losses. In addition, for propellants of this type, a
higher metal-fuel influence on the propellant burning rate is typically
observed, which results in a pressure exponent reduction. These
ideas are illustrated in the scheme of Fig. 10.

VI. Conclusions

The research carried out allowed the following basic results to be
obtained:

1) Laws of the surface-layer formation, condensed products
combustion, and burning rate of nanoaluminum-based propellants
were experimentally established.

2) The general physical picture of the burning of nanoaluminum-
based propellants was developed.

3) The mathematical description of the ignition and burning of
metal fuel in the propellant surface layer was developed. The
character of nanoaluminum influence on the propellant burning rate
was shown.

4) Consequences of using nanoaluminum on the propellant
behavior were determined.

Directions of future works, in our opinion, should be focused on
studying propellant burning with nanoparticles in a size range of less
than 50-100 nm (i.e., particles coming closer to the properties of
nanostructures). Of course, reducing the size of particles makes it
increasingly difficult to preserve the quantity of active metal until the
use of nanoaluminum as a propellant component falls.
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