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Condensed Combustion Products at the Burning Surface
of Aluminized Solid Propellant

V. A. Babuk,¤ V. A. Vasilyev,† and M. S. Malakhov‡

Baltic State Technical University, 198005, St. Petersburg, Russia

Experimental results are presented on the formation of condensed combustion products (CCPs) at the burning
surface of aluminized solid propellants. A number of experimental techniques were developed for describing the
characteristics of the CCPs as a function of the oxidizer particle size and pressure. The results of this investigation
provide qualitative descriptions of the CCPs formed at the propellant burning surface as functions of oxidizer
particle size and pressure.

Nomenclature
ak = oxidizing potential of gas mixture (mole share of

oxidizing components in the mixture)
D = diameter of agglomerate
D43 = mass-medium diameter of agglomerates
DAP

43 = mass-medium diameter of ammonium perchlorate
particles

d = diameter of � ne oxide particle
dHDO

43 = mass-medium diameter of � ne oxide particles
Fm.D/ = mass function of agglomerate size distribution
fm .D/ = mass function of agglomerate size distribution

density
fm .d/ = mass function of � ne oxide particle size distribution

density
P = pressure
r = propellant burn rate
T = temperature
Zm = share of unburned metal in the agglomerates relative to

the initial aluminum in the propellant
Z a

m = share of initial metal in the propellant used to form the
agglomerates as a whole

Z HDO
m = share of initial metal in the propellant used to form the

� ne oxide particles
Z ox

m = share of initial metal in the propellant used to form
oxide in the agglomerates

° = edge angle of wetting
´ = mass share of oxide in agglomerates

Introduction

T HE presence of metal fuel (MF) in solid rocket propellants
(SRPs) greatlycomplicatesthepropellantburningprocess.The

metal’s most important combustion feature is the formation of con-
densed combustion products (CCPs). The properties of these prod-
ucts in� uence a number of phenomena that determine the quality
of the propellant–motor system: propellant burning rate, losses in
speci� c impulse, slag deposition in the motor chamber, effects of
combustionproductson the inert motor components,and stabilityof
motor operation. The CCP properties are acquired during comple-
tion of the MF combustion process, i.e., the physical and chemical
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transformationsof the metal particles (while they are) in the motor
chamber.

The overall combustion process can be divided into two stages,
depending on where the process occurs: in the condensed phase
of the burning propellant or in the two-phase � ow in the combus-
tion chamber. The � rst stage includes the formation of CCPs near
the burning propellant surface. The second stage consists of the
evolution of CCPs in the two-phase � ow during the motion of the
products.This paper is devotedto studyingthe � rst stageof the com-
bustionprocess. A brief descriptionof the results obtainedby many
researchers in studying this process is presented in this section.

In the � rst stage of the combustion process, the key phenomenon
is the agglomerationor coagulationof the condensedproductsin the
surface layer of the burning propellant, which then supplies these
products to the gas phase. The agglomerationphenomenon was de-
scribed � rst in the works1 of the Institute of Chemical Physics of
the USSR Academy of Sciences in the early 1960s. In the follow-
ing years, practical applicationsof solid propellants required wider
investigations of these processes. These studies included the ac-
quisition of experimental data, the analysis of these data, and the
development of techniques for predicting agglomerate characteris-
tics, such as parameters determining the chemical composition and
structure of agglomerates, agglomerate size distribution, and rela-
tive quantity of agglomerates in the two-phase � ow of combustion
products.

The purpose of these experimental studies was to obtain infor-
mation on both micro- and macroregularities of the agglomerates.
The microregularitiesare de� ned as those properties that determine
the nature of agglomerate formation. On the other hand, macroreg-
ularities are those properties that relate the agglomerate character-
istics to the propellant compositionparameters and the combustion
conditions. A set of techniques has been developed to solve these
problems.2¡6

Structure of Agglomerates

There are two basic conceptsfor the agglomeratestructure.In the
� rst concept, it is assumed that agglomerates contain other ingredi-
ents (the binder or its degradation products and the oxidizer) in ad-
dition to the metal and its oxide and that they may be nonspherical.7

According to the second concept, the agglomerates only consist of
metal and oxide drops.6;8¡12 The different concepts, both of which
are observed experimentally, apparently are caused by changes in
propellant formulations, the conditions of burning, and, in a num-
ber of cases, the inherentcharacteristicsof investigationtechniques.
Both a decrease in operating pressure and inclusion of metal in ho-
mogeneous propellants contribute to the generationof the � rst type
of agglomerate.7 It also has been found that the second type of ag-
glomerate is more prevalent with most propellants and for a wide
range of burning conditions.Some experiments6;11 have shown that
the structure of the agglomerates may differ and these differences
depend on the propellant properties and the burning pressure.
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Conditions of Agglomerate Formation

At present, it generally is assumed that the metal particles are re-
tained, move, and fuse on the burning propellantsurface.7;13¡16 It is
assumed that a necessary temperature condition for fusing is when
metal particles reach their melting point. The fact that the oxide
� lm has a higher melting temperature is not an obstacle to fusing
because the � lm may be cracked.5 The temperatureat surface of the
burning propellant is a primary factor in the agglomerationprocess.
If this temperature is lower than the metal melting temperature,then
particle fusion is impossible. In this case, the products have an ir-
regular shape and incorporate both the binder materials resulting
from incomplete gasi� cation and the metal particles. This situation
occurs, for example, in burningof double-basesolid propellants.7 In
the case of binders that are dif� cult to gasify, the metal burns prin-
cipally in regions where the binder and the oxidizer are in contact.
Hence, it seems possible that the simultaneousrelease of binder and
initial metal fragments into the gas phase could lead to the forma-
tion of the � rst type of agglomerate. In the gas phase, the pyrolysis
of binder is completed and the possibility arises for the particles to
ignite and interactwith each other to complete the metal combustion
process.

In Refs. 17 and 18, in which the framework for the pocket-type
mechanism of agglomeration is justi� ed, it is assumed that initially
all of the metal particlesin the propellantcontact each other. During
propagation of the combustion wave, bridges between the particles
develop and obstruct the release of particles into the gas phase. As
soon as ammonium perchlorate (AP) particles appear (the pocket
is completed), the bonds between agglomerating particles and the
condensed phase of the burning propellant are broken, producing a
particle. As a result of the fusion of all of the particles, the pocket
is fed into the gas phase. It is noted in Ref. 13 that, in case of
binder melting, an additional effect of capillary forces is involved
and contributes to retention of the particles in the surface layer of
the burning propellant and to setting up contacts between particles.

The results obtained in a number of works, for instance, Refs. 6
and 9, support the concept that the agglomerating particles also are
burning.This concept leads one to look differently at the conditions
under which the agglomeration process occurs. In fact, the oxide
melts when the particles are ignited. Thus, the ambient temperature
is not the only criterion for particle fusion. The surface layer could
possess a number of speci� c properties that ensure that the high-
temperature particles are retained. In a number of works,10;11;19 a
suggestion has been made that speci� c structures are being formed
in the surface layer. Burning of agglomerating particles then could
change the properties of the agglomerates.

Effect of Propellant Composition and Burning Conditions
on Size and Quantity of Agglomerates

Agglomerationis one of themanifestationsof the solid-propellant
burning process and it is quite natural that the characteristicsof the
agglomeration process depend on the propellant composition and
burning conditions. When considering the effect of the propellant
composition, one should distinguish the following: 1) particle size
and concentration of the dispersed oxidizer (DO) and MF and 2)
the types of DO, fuel, and binder. The particle size distribution is
a another parameter characterizing dispersed systems; higher dis-
persions correspond to smaller particle sizes being present in the
propellant. Currently, it generally is accepted that the oxidizer par-
ticle size distribution exerts the most important in� uence on the
characteristicsof the agglomerationprocess.7 A decrease in the DO
dispersion leads to an increase in the agglomeratesize. In the works
of Grigoryev et al.17 and Cohen20 devoted to a systematic investi-
gation of the effect of the propellant structure on the agglomeration
process, the authors conclude that oxidizer particle size is the deci-
sive characteristic.In Refs. 6 and 12, the DO dispersionis shown to
produce an effect on the quantity of agglomerates as well, decreas-
ing the quantity simultaneous with a decrease in oxidizer particle
size. It also is assumed that increased initial MF dispersion and
concentrationaccelerate the agglomeration process.7;14

Data relating the in� uence of oxidizer content on the agglom-
erates are not available. It can be supposed that the effect of that

factor is of a contradictory nature because it in� uences both the
propellant burning rate and its structure. It should be stressed that
a change in the propellant ingredients inevitably causes changes in
the propellant energy-producingcapacity.

Different substances may be employed as oxidizers. As a rule,
they are perchlorates, nitrates, and nitramines. At present, AP,
ammonium nitrate, ammonium dinitramide (ADN), and cyclote-
tramethylenetetranitramine (HMX) are the most widely used oxi-
dizers. According to published results, it can be assumed that the
effect of the oxidizer on the agglomeration process results from the
following: effect on the propellant burning rate, the possibility of a
molten layerformingon theburningpropellantsurface,anda change
in the properties of the surface layer of the burning propellant.

As a rule, it is thought that an increase in the propellant burning
rate leads to a decrease in agglomeration intensity.7 The univer-
sal applicability of this assumption is questioned by the results in
Ref. 13.The dataobtainedin Refs. 13 and21 showthat the formation
of oxidizing substances in the melted state increases mass-medium
diameter of agglomerates by 2–3 times. In Refs. 6, 11 and 12, the
change in surface-layer properties is shown to change the agglom-
eration mechanism. It is obvious that a change of the fuel type
should in� uence the characteristics of the agglomeration process.
(In Refs. 13 and 21, it is shown that substituting magnesium for
aluminumdecreases the agglomeratesize.) However, note that both
current propellants and future propellants will use only aluminum
as an MF. The effect of the binder properties on the agglomeration
is related, as a rule, to the ratio of carbon to easily gasi� able el-
ements in the binder.7 For propellants with moderate MF content
(up to 25%), an increase in carbon content is considered to be a fac-
tor contributingto agglomeratesize growth.13;21 For the propellants
with a high MF content, the inverse effect is supposed to occur.13;21

As for the effects of combustion conditions, the primary fac-
tors are the pressure in the combustion chamber, the character of
the two-phase � ow, and the magnitude and direction of the motor
acceleration. Most of the works published to date indicate that a
pressure increase is accompanied by a decrease in the agglomerate
size.7 This effect is explained by the dependence of the propellant
burning rate on the pressure and the fact that an increase in burn-
ing rate decreases the degree of agglomeration. At the same time,
it was found that the agglomerate particle size does not depend on
pressure for a rather wide range of propellant compositions.17 For
propellants with high metal content (more than 25% by mass), the
complex character of such a dependence has been determined.13;21

Both an increase and a decrease in the agglomerate dispersity may
accompany a pressure increase. Similar effects may take place in
the combustion of propellantswith lesser metal content as well.6;10

Noting that the agglomeration process occurs in the surface layer
of the burning propellant, one would assume that gas � ow effects
are determined primarily by the longitudinal component of the gas
� ow past the propellant surface. In Refs. 7 and 22, this effect of the
longitudinal component has been con� rmed experimentally. The
dependence of the agglomerate size on the gas � ow velocity has a
complexcharacter.7 Initially, the sizes grow with increasedvelocity,
but then decrease.Thus, it is necessary to underscorethe following:
Such an effect is possible when the longitudinal component of the
gas � ow velocity is more than, or at least of the orderof, the perpen-
dicular velocity componentat distancesfrom the burningpropellant
surface that are comparable to the size of the growing particles.The
dimensions of the motor have a large in� uence on this condition.
As a rule, for large rocket motors, this condition cannot be realized.

The number of experimental studies devoted to investigating the
effects of the magnitude and direction of the motor acceleration
on agglomeration is small. A number of studies23¡27 have inves-
tigated burning-rate evolution under the in� uence of acceleration,
where the effects of acceleration are related, to some extent, to the
behavior of the condensed products, both in the surface layer and
close to the burning-propellantsurface. It generally is accepted that
the increase in the force perpendicular to the surface contributes
to retention of the condensed products on the burning-propellant
surface and, in the limit, leads to a liquid layer forming on the
surface.
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Formation of Highly Dispersed Oxide (HDO)

At present, it is commonly agreed that the condensed products
consistof both agglomeratesandvery� ne particles,evenclose to the
burning-propellantsurface.Even if the size of agglomeratesreaches
hundredsor even thousandsof micrometers, the HDO particleshave
sizes of the order of 1¹m. No work in which the HDO dispersion
has been investigated under the conditions mentioned is known to
these authors. It may be supposed that the primary source of the
HDO close to the burning propellant surface is the metal that is not
involved in the agglomeration process.

Several papers contain data on HDO properties in the � nal prod-
ucts of propellant combustion.28¡30 These papers point out that the
HDO particle size depends both on propellant properties and on
the pressure in the chamber; the mass-medium diameter of particles
being in the range of 2–5 ¹m. However, because HDO is formed
duringburningof both the nonagglomeratingmetal and the metal in-
corporated in the agglomerates, these observations cannot be used
readily to characterize the � ne oxides in the region close to the
burning-propellantsurface.

Purpose of This Investigation

This literature analysis strongly indicates that further the study
of the condensed-productformation process should focus primarily
on obtaining high-quality experimental data close to the burning-
propellant surface. This lack of suf� cient data is the primary factor
restraining the improved understanding of the principal processes
in the combustion of metals as a propellant ingredient. To obtain
reliable data, the investigation should meet the following require-
ments: completeness of parameters to be studied, systematic study
of parametricvariation,and a suf� cient amountof experimentaldata
for providing reliable results.

It is well known that changing the oxidizer particle-size distri-
bution is one of the most powerful tools for in� uencing the ag-
glomerationprocess.Therefore,within the frameworkof thepresent
investigation,the characteristicsof theproductsclose to the burning-
propellant surface were determined as a function of the oxidizer
particle size at various pressure levels. It was anticipated that the
chemical composition of the propellant investigated would stay the
same, and that the investigationwould consider both the agglomer-
ates and the � ne oxides.

Characteristics of Propellants

Propellantcompositionsbasedon isoprenerubberas a fuel binder
and AP as an oxidizerwere chosen for this investigation.The differ-
ent propellantshave the same percentagesof componentsand differ
only in the oxidizer particle-size distribution. The mass content of
the variouspropellantcomponentsis given in Table 1. The spherical
aluminum used in these compositionshad a maximum particle size
of 50 ¹m and the following distribution of particle sizes: 0–10 ¹m
(67% by mass), 10–20 ¹m (16%), 20–30 ¹m (9%), and 30–50 ¹m
(8%). Four fractions of varying AP particle sizes were used: Frac-
tion 1 had particlesof about1-¹m diam, fraction2 had particlesless
than 50 ¹m, fraction 3 had particles from 160 to 315 ¹m, and frac-
tion 4 had particles from 400 to 600 ¹m. These four AP fractions
were mixed into � ve propellantformulationsin varyingproportions,
as shown in Table 2.

Results of the thermodynamic analysis for combustion products
of the propellants are presented in Fig. 1, which shows the depen-
dence of the oxidizing potential and the temperature of gaseous
combustion products as a function of the share of the aluminum
burned (1 ¡ Zm ).

Investigation of Agglomerates
The theory of agglomeration should be developed on the basis

of reliable experimental data, which must be highly representa-
tive and informative.This requirement places special constraintson
the experimental technique employed to obtain information on the
physicochemicalcharacteristicsof the agglomerates.To ensure the
optimum combination of representative conditions, valid informa-
tion,and simplicityof testing,a particlequench-collectiontechnique

Table 1 Propellant composition

Content
Component by mass, %

Al 24
AP, NH4ClO4 64
Isoprene rubber —CH2—C D CH—CH2— 2.6

j
C

Additives 0.3
Surface active material 0.1
Oil, C19H35 9

Table 2 Parameters of propellant oxidizer

Propellant AP fraction (proportion, %)

N1 Fr. 1–Fr. 2 (50–50)
N2 Fr. 2 (100)
N3 Fr. 2–Fr. 3 (40–60)
N4 Fr. 3 (100)
N5 Fr. 4 (100)

Fig. 1 Results of thermodynamic analysis.

was employed in combinationwith a constant-volumebomb (CVB)
to burn propellant samples and collect particulatecombustionprod-
ucts. Particles having sizes greater than 30 ¹m were considered to
be agglomerates.

Investigation Technique

The CVB technique used in investigating the agglomerates is
based on quenching and then collecting particulate products from
the process of propellant sample burning. The general scheme of
the experimentsis shown in Fig. 2. Small samples of propellantsare
burned in the CVB � lled with inert gas, either helium or nitrogen.
The mass of the propellant samples does not exceed 2 g, which
ensures that the pressure in the bomb is constant within 10% during
combustion.The samples are parallelepipedshaving dimensions of
5, 5, and 10–20 mm. The side surfaces of the propellant samples
are coated, which ensures layer-by-layer burning of samples from
only one end. The thickness of the coating is chosen to ensure that
its destruction rate is close to the propellant burning. The burning
of samples takes place on the side with the smallest surface area.
Ignition of the samples is accomplished by heating a � lament with
an electric current. Pressure changes in CVB are recorded and the
data are used to determine the propellant burning rate.

Quenching of agglomerates was accomplished using either an
inert liquid (alcohol) or an inert gas in CVB (helium, nitrogen). In
the � rst case, a vessel with an inert liquid was placed at the required
distance from the burning-propellant surface. In the second case,
the quenchingand freezing of the agglomerateswas done with inert
gas in CVB; they are subsequentlyremoved from the CVB with the
help of a special container.
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Fig. 2 Experimental method.

Fig. 3 Quenching of agglomerates.

In both these techniques, the agglomerate quenching occurs at
some distance from the burning surface. This distance should be
as short as possible to minimize potential changes in agglomerate
properties,which occur after they separate from the propellant sur-
face and before they are quenched. When using an inert liquid, the
size of the quenching zone is de� ned readily by the distance be-
tween the propellant surface and the location of the liquid surface.
When freezing with an inert gas, this separationeffect is minimized
by using a small burning surface area (5 £ 5 mm) for the propel-
lant sample. Here, the actual quenching zone has a complex spatial
form, as shown in Fig. 3. The agglomerate quenchingoccurs within
the mixing boundary layer formed between the � owing products of
propellant combustion and the surroundingstationary inert gas. An
analytical estimate for the length of the initial adiabatic portion of
the � ow, li , gives li D 3:6x for helium and li D 0:4x for nitrogen.
Here, x is the minimum cross-sectional dimension of the propel-
lant sample. The magnitude of li is a weak function of pressure.
Precise determinationof the location of the agglomerate quenching
zone in inert-gas freezingdoes not appear to be possible.Therefore,
sampling conditions for all of the particles taken as a whole should
be averaged and the agglomerate sampling zone imagined as a � at
surface A-A. The location of that sampling surface relative to the
burning surface (distance l in Fig. 3) has been determined experi-
mentally by comparing experimental results using both quenching
methods. To estimate the value of l, the following relations have
been obtained: When helium was used as an inert gas, l D 1:2x ;
when nitrogen was used, l D 0:15x .

The quench-collected agglomerates were subjected to particle-
size and chemical analyses and their structural parameters were
determined. The particle-size distributions were measured using a

FRICH Analyzette 22 microanalyzer,which could measure particle
sizesfrom0.1 to 1160¹m. In reducingthesedata,a problemarisesas
to how to transfer the particle-sizeanalysisdata to high-temperature
� ow conditions. On one hand, one must account for the fact that
the substance density increases with sample cooling; on the other
hand, cracking occurs because of the effect of thermal strains in
“freezing” the particles. As a result, their density decreases.On the
whole, previousstudies that comparedthe result of visualizationand
samplingfound that particle sizes determinedby the two techniques
are approximately the same. This � nding allows one to conclude
that the data obtained in the particle-size analysis of the quench-
collected agglomerates are consistent with the conditions in the
high-temperature � ow of the propellant combustion products. The
(internal) agglomerate structure was investigated by studying the
agglomerate microsections.11 As stated earlier,11 the structure of
the quench-collected agglomerates corresponds to that which they
have in the high-temperature� ow of the combustion products.

The chemical analysis of quench-collected agglomerates was
aimed at determining their aluminum and aluminum oxide con-
tent. The agglomerates were etched in diluted hydrochloric acid,
followed by weighing the remaining oxide. This procedure must
accountfor additionaloxidation,which occursduringparticle freez-
ing and during contact of the particles with air during storage. This
additional oxidation distorts the actual characteristics of the con-
densed products considerably. This phenomenon occurs because
the agglomerates undergo extensive cracking produced from the
high thermal strain effect. On the surfaces of a great number of
cracks formed, the metal oxidizes, and the oxidationproduces read-
ily solubleamorphousaluminumoxide.This oxidationprocesstakes
place either when the particles contact the air or in the process of
freezing during their contact with alcohol. This formation of amor-
phous oxide considerably distorts the real agglomerate parameters
and shouldbe consideredwhen using quench-collectiontechniques.
This additional oxidation affects about 26% of the metal in the ag-
glomeratesand is about the same for both particle freezingmethods.
For practical purposes, this additional oxidation is independent of
the agglomerate particle-sizedistribution.Storing the samples for a
few days does not noticeably increase the oxide content in the ag-
glomerates. Long-term storage (a few months), however, results in
substantial additional agglomerate oxidation and the agglomerates
disintegrate.

As a result of the chemical and particle-size analyses the fol-
lowing primary quantitative characteristics of the agglomerates
are de� ned: Zm , Z ox

m , Z a
m , Z HDO

m , ´, and Dmn [mean diameters
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of agglomerate samples determined by empirical functions of
agglomerate mass distribution density according to their sizes
fm .D/].

Dmn D

(R Dmax

Dmin
D.m ¡ 3/ fm.D/ dD

R Dmax

Dmin
D.n ¡ 3/ fm.D/ dD

)1=m¡n

(1)

where Dmin and Dmax are minimum and maximum diameters of
agglomerates.

The parameters Z a
m , Z ox

m , Zm , Z HDO
m , and ´ have the following

relationships:

Z ox
m D 0:53 Zm´=.1 ¡ ´/ (2)

Za
m D Zm C Z ox

m (3)

ZHDO
m D 1 ¡ Z a

m (4)

Investigation Results

The analysisof the agglomerate structure established that the ag-
glomerate is an aggregate of aluminum and its oxide drops. The
oxide forms a cap, partially covering the metal drop. Gas cavities
(or bubbles) sometimes are found on the interface of the substances
in the agglomerates. The presence of these bubbles is evidence of
chemical reactions between aluminum and its oxide � owing in the
agglomerate and producing gaseous reaction products.12;31 The ag-
glomerate shape is characterizedby a combinationof spherical ele-
ments, which leads to the conclusion that the surface energy of the
given system(agglomerate)is a minimum. This minimumenergy,in
turn, suggestsviewing the agglomeratesas an equilibriumdispersed
system and that the agglomerate structure is controlled completely
by the surface tension of the substances from which it is formed:
aluminum and its oxide, both in the liquid state.

Analysis of the agglomerate microsections allowed the edge an-
gles of wetting °1 and °2 (Fig. 4) to be measured as functionsof the
pressure as follows: °1 D 26 deg and °2 D 41 deg at the pressure of

Fig. 4 Agglomerate structure.

Fig. 5 Agglomerate size distribution for propellant 1.

6 MPa, and °1 D 28 deg and °2 D 43 deg at the pressureof 1 MPa. In
measuring °1 and °2 , the random agglomerate cross sections have
been considered.

The mass functions of size distribution Fm.D/, and mass func-
tions of size distribution density fm .D/ for the agglomerates are
given in Figs. 5–9. Note that the distribution density functions can
be both unimodal and polymodal. The primary quantitative exper-
imental data are presented in Table 3 (for 6 MPa) and Table 4 (for
1 MPa). A rather high degree of con� dence in these data has been
assured by making 10 determinations for each characteristic cited.

As an example, Figs. 10 and 11 show the dependence of the
main agglomeration parameters Z a

m and D43 on the mass-medium
diameter of the dispersed oxidizer at 1 MPa. These data show the
following nature of the dependence of the agglomerate parameters
on the oxidizer (AP) particle size and pressure:

1) At a pressure of 6 MPa, the increase in the speci� c surface of
the oxidizer in the propellant (in transition from composition N5 to
compositionN1) causesa monotonousdecreaseof Za

m , Zm , Z ox
m , and

D43 values. It is signi� cant that the values of Za
m and Zm decrease

by more than 20-fold. At the same time, the propellant burning
rate increases monotonouslyand the change in oxide content of the
agglomerates is insigni�cant.

2) At a pressure of 1 MPa, the character of these parameters as-
sumes a peculiar behavior.With an increase of the oxidizer speci� c
surface in the propellant, the values of Z a

m , Zm , Z ox
m , ´, and D43 � rst

decrease monotonously (following the transition from composition
N5 to composition N2), but at a much slower rate than at 6 MPa,
and then (in transition from composition N2 to composition N1)
all of the above parameters increase substantially.The correspond-
ing propellantburning rate increasesmonotonouslywith increasing
oxidizer speci� c surface.

From these results, one can conclude that the characterof the ag-
glomerationprocessdependsbothon the particlesize of the oxidizer
in the propellant and on the pressure.

Investigation of Fine Oxide Particles
The study of the � ne oxide particles also focused on obtain-

ing qualitative experimental information. This focus required con-
ducting the appropriate representative analyses, making reliable
measurements of various parameters, and determining exactly the
location of the zone being studied in the propellant burning area.

Experimental Technique for HDO Particles

A new experimental technique was developed for studying
HDO particles. This technique provided the means for obtaining
informationabout the particle size and chemical compositionof the
HDO particles, and for scanning electron microscopy (SEM) stud-
ies of the particles. The layout of the experimental setup is given



788 BABUK, VASILYEV, AND MALAKHOV

Fig. 6 Agglomerate size distribution for propellant 2.

Fig. 7 Agglomerate size distribution for propellant 3.

Fig. 8 Agglomerate size distribution for propellant 4.
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Table 3 Experimental data for pressure 6 MPa

Composition Zm Z ox
m Za

m ´ D10 , ¹m D32 , ¹m D43, ¹m r , mm/s

N1 0.011 0.002 0.013 0,256 37 51 59 58.4
N2 0.015 0.008 0.023 0,502 38 54 62 38.7
N3 0.036 0.011 0.047 0,366 45 66 77 28.2
N4 0.108 0.045 0.153 0,440 51 87 131 15.0
N5 0.254 0.090 0.344 0,401 53 143 250 8.1

Table 4 Experimental data for pressure 1 MPa

Composition Zm Z ox
m Z a

m ´ D10 , ¹m D32 , ¹m D43, ¹m r , mm/s

N1 0.29 0.045 0.335 0,227 67 90 107 34.0
N2 0.21 0.021 0.23 0,159 45 59 68 12.0
N3 0.32 0.045 0.350 0,210 59 84 98 6.1
N4 0.36 0.052 0.409 0,214 44 87 141 6.0
N5 0.39 0.063 0.452 0,234 263 430 504 5.9

Fig. 9 Agglomerate size distribution for propellant 5.

Fig. 10 Dependence of Za
m on DAP

43 at low pressure (1 MPa).

in Fig. 12. In the CVB (2), a glass vessel (3) is inserted so as to � ll
the maximum possible inside volume of the CVB. It is necessary to
avoidpossibleparticle lossesby theirbeing removedfrom the vessel
by � ow from thepressuredifferencebetween thevessel and the CVB
generated during propellant combustion. A layer of ice »5 mm
thick (4) is frozen on the vessel walls to prevent particles from
stickingdirectlyto thevesselwalls and to removedepositedparticles
from the CVB when the pressure drops. The propellant specimen
(1) is placed inside the vessel and ignited with an incandescence
� lament. After combustion of the specimen and precipitationof the

Fig. 11 Dependence of D43 on DAP
43 at low pressure (1 MPa).

condensed-phase particles onto the bottom and inner walls of the
vessel, the gas-phaseproducts are released from the CVB. Then, the
particles can be extractedfrom the liquid by evaporationor � ltering.

BecausetheCCPs containbothmetal oxidationproductsand soot,
it is possible that the presenceof soot might distort the experimental
data. Chemical analyses of the condensedproductshave shown that
thecarboncontentin the sample is lessthan0.5%.Thus, thepresence
of the soot in sampledparticlescan be neglected.The next issue con-
sideredwas the time that the CVB must remain sealedafter combus-
tion is completed. It possible to estimate the particle precipitation
time for spherical particles in gas after combustion is completed.
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Fig. 12 Experimental setup.

These estimates indicate that all particles larger than 0.5 ¹m will
precipitate to the vessel bottom over the period of »2 h.

A number of experiments have been conducted to con� rm the
ef� ciency of this technique. This technique has been tested using
the working propellantcompositions.It has been found that keeping
the CVB sealed for 2 h after the specimen combustion is suf� cient.
Delays of more than 2 h do not increase the mass of the sampled
particles signi� cantly; i.e., as a rule, 93–98% of the total estimated
mass and the parameters of the CCPs Zm , Z ox

m , and Za
m remain

essentially constant after 2 h.
To investigate the HDO particles further, they were separated

from the agglomerates by sifting through a sieve. The selected
HDO particles actively stick together and form loose coagulants.
The formation of these coagulants is determined by the condition
of the particle surface, such as electric charge. To prevent this phe-
nomenon when conducting dispersity analysis, the suspension of
sampled HDO particles in water solutionof special substances,e.g.,
sodium pyrophosphate,are exposed to ultrasonic dispersal. The ul-
trasonic power used was considerably less than that required for
fragmentation of separated individual HDO particles. Note that the
action of the ultrasound on the sampled HDO particles can causes
reverse effect, that is, generating new coagulants. It was obtained
experimentally that the latter effect takes place at rather long times
of the procedure.

These phenomenaare understoodpoorly and cannotbe predicted
precisely.The power of ultrasonic impact, ultrasonicfrequency,and
time of the procedure have been chosen empirically with the aim
of obtaining HDO particle-size distribution functions as close as
possible to the real ones with a minimum quantity of coagulants.

After dispersal, the initial mixture was extra diluted with water
to obtain three samples of differing concentrations. Each sample
was analyzed 10 times (10 parallel measurements were taken) in
the Coulter-4 particle size analyzer for submicron particles, using
a dynamic light-diffusion technique. The resolution range of this
device is from 10 m¹m to 10 ¹m. An example printout of the
results obtained from this device is presented in Fig. 13.

Analysis of Experimental Data

The HDO particleshave a regularsphericalformwith sizesof tens
to thousandsof nanometers (Fig. 14). To analyze the regularitiesof
the HDO formation close to the burning propellant surface, particle
masses and particlesize distributionswere comparedas functionsof
pressure and DO properties for combustionof differentpropellants.
Table 5 containsdata from samples at 6 MPa for three compositions
(N2, N5, and a baseline composition used for technique develop-
ment). These propellant compositionsessentiallydiffer in the value
of the parameter Za

m . Assuming there is a negligible loss of agglom-
erates, the share of unsampled (i.e., lost) HDO particles ( f HDO

loss ) can
be calculated in the following way:

f HDO
loss D .1 ¡ Â/=Z HDO

m (5)

where Â is a share of the CCP sampled in the experiment.
These experimental results (Table 5) show that a decrease in

Z a
m (i.e., an increase in Z HDO

m ) gives, as a rule, an increase in pa-
rameter f HDO

loss .
Based on the measured histograms, the particle distributionfunc-

tions fm of the HDO particle distribution are plotted in Fig. 15

Table 5 Experimental data

D43, dHDO
43 , r , Â , f HDO

loss ,
Propellant ZHDO

m ¹m m¹m mm/s % %

Baseline 0.36 370 820 5.7 95.3 13
N5 0.64 190 870 8.1 89.5 16
N2 0.97 50 530 38.7 71.0 30

Fig. 13 Histogram of HDO particle size distribution.

Fig. 14 HDO particles.

Fig. 15 HDO particle size distribution.

for compositionsN2 and N5 at 6 MPa. Apparently, these functions
have a bimodal character. The � rst mode covers the size range of
20–200 m¹m and the second covers 300–1000 m ¹m. The frac-
tion of particles in the second mode dominates. Figure 16 shows
the dependenceof the HDO mass-medium diameter on the oxidizer
mass-mediumdiameterat two pressurelevels.With a decreasein the
oxidizerparticlesizes in going from compositionN5 to composition
N1, HDO particle sizes � rst increase, and then decrease. The pres-
sure increase is also a factor contributing to a decrease in the � ne-
oxide particle sizes.

Physical Concepts of Condensed-Product Formation
These experimental results now make it possible to clarify the

essential regularities of condensed-product formation close to the
burning propellant surface.
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Fig. 16 Dependence of mass-medium diameter of HDO particles
dHDO

43 on DAP
43 .

Agglomerate Formation
A vital condition for the agglomeration process to occur is the

formationof a speci� c structure,which has beennamed the skeleton
layer (SL).6;10;11;19 The SL is a gas-permeable three-dimensional
structure that consists mainly of metal and its oxide, but also has a
small amount of carbon elements, and forms on the upper portionof
the burning propellant surface layer. A characteristic feature of the
SL is the high adherenceof its metal and oxide particle constituents.
The lower SL surface can be considered as the zone where the
degradation of the binder into gas-phase products and solid carbon
elements basically is completed. On the upper SL surface (facing
the gas phase), the smaller particles stick together to produce larger
ones, which form the agglomerate � ow when breaking away from
the propellant burning surface. The SL provides for the two most
importantconditionsof agglomeration:1) contactbetweenparticles,
and 2) retentionof particles (includingburningones!) in the surface
layer. One also may suppose that the MF participating in the SL
formation participates in the agglomeration process as well. The
physical principles of SL formation are discussed in Ref. 19. It was
shown that the carbon skeleton (CS) is vital in SL formation. The
evolution of the CS is determined by the properties of the polymer
binder and the conditions under which it degrades.

In the burning of composite propellants, their structure exerts
an essential in� uence on CS formation, and therefore on the SL.
To describe their structure, it is appropriate to use such concepts
as pocket and interpocket bridges (IPBs). The general idea for the
pocket concept appeared in the work of Price et al.32 in the mid-
1960s.For mathematicalmodeling,thepocketconceptwas used� rst
in theworksof Cohen20 and Grigorievet al.33 Introducingthepocket
concept, in spite of its apparent conventional nature, has proved to
be a fruitful idea in studyingthe agglomeration.As applied to actual
propellant compositions,the followingconditions are necessary for
pocket formation: The oxidizer particles forming the given pocket
must be comparable in size and the particular size of the pocket
must be comparable to the oxidizer particle size bounding it and
much larger than the initial size of the metal particle. The bridges
representthe cells of the binder-fuelcompositionboundingseparate
pockets. They can be imagined as interlayersof propellant between
oxidizerparticles (Fig. 17). These interlayersburn in a medium rich
in oxidizing gases, which hampers the formation of the CS. The
pockets burn under different conditions, which make possible the
formationof theSL. Thus, theproportionof pocketsand thequantity
of bridges should exert a considerablein� uenceon the degree of MF
involvement in the agglomeration process.

The extent of the growth of the agglomerating particles is deter-
mined by their residence time under on the SL surface.The analysis
conductedto study the conditionsunder which particlesbreak away
from the SL surfaceshows that this time mainly dependson thechar-
acter of SL heterogeneityand the dynamics of the burning process
(burning rate).34;35 It should be stressed that the metal particles par-
ticipating in the agglomerationprocess also burn. Immediately after

Fig. 17 Propellant structure.

ignition, this burning proceeds in a heterogeneousmode. On reach-
ing some temperature, the burning mode changes into a gas-phase
mode.

Now consider how the agglomeration characteristics develop in
the compositions investigated. The effect of propellant structure is
seen distinctly at low pressure. Under conditions where the oxi-
dizer particlesprovide for pocket formation, increasing the oxidizer
speci� c surface increases the volume fraction of the bridges in the
propellantmass. This causesa decrease in the parameters character-
izing the MF fraction in the agglomerates(Za

m , Zm , Z ox
m ) as shown in

Table 4 by comparing composition N5 to composition N2. Exam-
ining these parameters for composition N1 shows that the � ner ox-
idizer particles lose their ability to form pockets because of their
small size, and the propellant undergoes a peculiar sort of homoge-
nization.(In termsof the structuralmodel, thishomogeneouspropel-
lant consists of one in� nitely large pocket). This behavior increases
the fraction of MF participating in the agglomeration, as shown by
comparing composition N1 with composition N2 in Table 4.

The relative oxide content in the agglomerates is determined
mainly by metal burning in the heterogeneous mode. The results
shown in Table 4 suggests that the metal fraction burningout in this
mode increases following the increase in the pocket size. As the ox-
idizer speci� c surface increases, the propellant burning rate and the
SL heterogeneitychange. The combined effect of these factors is to
decrease the agglomerate sizes as shown in Table 4 by composition
N5 to composition N2. For composition N1, the agglomerate sizes
increasein spite of the further increasein the propellantburningrate
and is apparently due to a decrease in the SL heterogeneity.

Pressure is also a factor contributing to changes in the properties
of the products close to the burning-propellantsurface. In addition,
there are some reasons to suppose that not only the absolute val-
ues of parameters change, but the character of the CCP formation
also changes with pressure. The only exception is composition N5
(Tables 3 and 4) for which the agglomerate fraction by mass in the
� ow remains approximatelyconstantwith increased pressure. Only
the oxide content in the agglomerates increases. This increase with
pressure is quite natural if one accounts for a need for increased
amount of MF burning in the heterogeneous mode to ensure the
transition to the gas-phase mode. For the other compositions, the
pressure increase leads to a decrease in the agglomerate mass frac-
tion in the � ow. The extent of such a decrease grows as oxidizer
speci� c surface increases. Similar effects also have been observed
previouslywhen burningpropellantssimilar to the ones investigated
in this study.9;36 As these earlier experiments showed, these effects
are concomitantwith a rise in gas-phase temperature above the sur-
face as one moves away from the burning-propellantsurface and is
evidence of metal burning in this zone.37 Analysis of experimental
data obtained in both the present and previous investigations sup-
ports the assumption that, as the pressure grows and metal particle
size decreases, the probability increases that the transition from a
heterogeneousmode to a gas-phasemode (Fig. 18) is nonstationary.
The nonstationary effects consist of destruction of the particles by
their gasi� cation products because of the high rate of evaporation.
These effects intensify the metal burning above the surface at dis-
tances from the surface less than the position of the sampling zone.
For composition N5, these effects are not essential because of the
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Fig. 18 In� uence of pressure on combustion mode.

comparatively large size of the agglomerates,whereas for the other
compositionsthey play an important role in CCP formation close to
the burning-propellantsurface.

In the process of agglomeration, three mechanisms might oc-
cur: pocket, prior-to-pocket, and interpocket types.6;10 The � rst
mechanism is characterized by the formation of only one agglom-
erate in each pocket and by the absence of dependence of agglom-
eration parameters on pressure. When the second mechanism oc-
curs, the agglomerating particles leave the SL surface before the
pocket burns out. The third mechanism supposes a possible fusion
of particles belonging to different pockets (interpocket fusion). If
the masses of the particlesformedby thesedifferentmechanismsare
comparable, then the density distribution function for the agglom-
erate size becomes polymodal. It was shown6;10 that, for propellants
having properties similar to those investigated here, but at close to
atmospheric pressure, it quite probable that the pocket mechanism
would dominate. Increasing the pressure increasesagglomerate for-
mation by the prior-to-pocketor interpocketmechanism. Thus, two
factors are acting, one contributing to agglomerate size decrease,
and the other to size increase. This competition between agglomer-
ation mechanisms, as well as the nonstationary effects causing the
small fraction to disappear, determines the agglomerate dispersity
as a function of the pressure (Tables 3 and 4). The results obtained
give another con� rmation of the fact that the pressure might cause
an increase, an absence of change, or a decrease in the agglomerate
dispersity close to the propellant surface.

Formation of HDO

These studies show that the � ne oxide particles are formed from
the combustionof both the nonagglomeratingand the agglomerating
metal. (In the present paper, the metal particle formed by agglom-
erate fragmentation from nonstationary effects are included in the
nonagglomerating-metal category.)Close to the burning-propellant
surface, the combustion of the agglomerating metal is compara-
tively weak, which allows one to assume that the contribution from
the nonagglomeratingmetal dominates HDO formation.

Note that the combustion mechanism for the highly dispersed
metal particles was not studied in the presence of temperature, oxi-
dation potential, and gas velocity � elds. However, it is still possible
to point out some quite obvious speci� c features of this process,
namely, high rates of heat and mass exchange between the particles
and their environment and potential contributionsfrom nonstation-
ary effects. It is unjusti� ed to apply the laws of rather large-size
particle combustion, for which quite a lot of experimentaldata have
been obtained, to the situation examined here. It is quite probable
that the combustion of the nonagglomerating metal occurs in two
modes: heterogeneousand gas phase leading to CCPs being formed
either on the burning-propellant surface or in the gas phase. The
observed bimodality of the HDO particle size distribution density
functions (Fig. 15) supports this assumption. One can suppose that
the appearance of the small-size range is determined by the HDO
formed in the gas phase,and the appearanceof the large-sizerangeis
determinedby the HDO formedon the metal particlesurfacesby the
heterogeneous mode. Because there is a higher probability that the
small-sizeparticles are missed in the sampling process compared to

the large-size particles, one can suppose that a large portion of lost
particles (Table 5) are the small-size ones; that is, the fraction of
particles formed by the � rst mode is somewhat higher than actually
measured. Note that formation of oxide particles of sizes less than
100–150 m¹m is a speci� c feature of processes taking place under
the shock-wave stress condition seen with Al powder in which the
appearance of similar particles is related to phenomena occurring
in the gas phase.38

One can only suppose which parameters in� uence the combus-
tion of metals that do not enter the agglomerates. Among them,
one should include the propellantburning rate, the pressure, and the
quantity of the particles participatingin burning. The results of this
investigation enable us to assert that the parameters characterizing
the generation of the � ne oxides close to the burning propellant
surface are the individual characteristics of the propellant and its
burning conditions. Note also that the sizes of the � ne oxide par-
ticles found in this study, on average, are lower compared with
the results from practically all of the previous works. (Remember
that, in those studies, the � nal products of combustion were exam-
ined.) This observation allows one to assume that, in the process of
evolvingcondensedproducts in the gas phase, when � ne oxides are
formed during the agglomerate metal burning, and the interaction
of the carrier gas phase and the agglomerates6;31 all take place, an
increase in the sizes of the � ne oxides can be expected.

Conclusions
In the process of the investigation, the following principal scien-

ti� c results have been obtained:
1) General characteristics of the condensed-phase products of

metals in solid propellantshave been determined.It has been shown
that these products consist of two essentiallydifferent types of par-
ticles: very � ne particles and agglomerates.The morphologicaland
chemical properties of these particles have been de� ned.

2) It has been shown that it is expedient to use concepts such as
pocketand IPB whencharacterizingthepropellantcombustion-zone
structure.

3) The effects of oxidizer particle size and combustion pres-
sure on the proportions of agglomerates and � ne oxide particles
have been determined. An increase in oxidizer speci� c surface up
to some level, which is determined by pocket formation condi-
tions, decreasesthe fractionof metal participatingin agglomeration.
Further increases in oxidizer speci� c surface ensure an increase of
this fraction. Combustion pressure is the factor that contributes to
the agglomeratetransformationrelative to generationof � ne oxides.
Increasing pressure increases the agglomerate dispersity, which
takes place close to the burning-propellant surface and therefore
decreases the agglomerate fraction in the condensed products.

4) It was shown that the fraction of metal participating in
agglomeration depends on the propellant combustion-zone struc-
ture. Knowing the characteristics of this structure allows one to
predict the degree of metal agglomeration.

5) The in� uence of the oxidizer particle size on the agglomer-
ate dispersity has been determined. This in� uence is manifest as a
change in the propellant burning rate and pocket sizes. Increasing
the rate and decreasing the pocket size decreases the agglomerate
size.

6) It has been shown that the agglomerate formation may involve
differentmechanisms,which are called pocket, prior-to-pocket,and
interpocket mechanisms. Changes in these mechanisms with pres-
sure changes the character of pressure in� uence on the agglomerate
size.

7) It has been established that the � ne oxides are formed mainly
in the burning of the metal that is not agglomerating.The � ne oxide
particle size distribution changes depending on both the pressure
and the oxidizer particle size, that is, the individual characteristics
of the propellant and combustion conditions.

The results obtained in this investigationare intended to improve
mechanistic understandingof metal combustion in solid-propellant
combustion and to contribute to the development of combustion
theories for aluminized solid rocket propellants.
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