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Abstract. The paper summarizes the author’s experimental data on characteristics of condensed combustion products formed in combustion of aluminized solid propellant. The data were obtained using original sampling technique based on quenching and collecting full population of particles generated by the burning surface of small-size propellant specimen. The total mass size distribution and size distribution by unburned aluminum mass for sampled particles have been obtained for given distance from the burning surface. It was shown that typical propellant formulations (containing AP, RDX or HMX, and various types of binder) can be classified in two main types (scenarios) of aluminum behavior in the combustion wave – high and weak agglomeration trend. These scenarios are discerned by the value of integral parameters of distribution function. The important role of binder's nature in agglomeration process is illustrated. The effect of modification of the aluminum properties is discussed. The common properties of fine oxide particles forming upon combustion of different propellant formulations are considered.
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I. INTRODUCTION

The solid propellants loaded with aluminum powder were invented many years ago to improve motor performance via increasing the flame temperature and velocity of the exhaust gases. Unfortunately, a potential effectiveness of aluminized solid propellant combustion could not be totally realized in practice due to the formation of condensed combustion products (CCP) that may cause: 
1) incompleteness of conversion of chemical energy of aluminum combustion, 2) two-phase flow losses of specific impulse, 3) slagging in the combustion chamber, 4) nozzle erosion, etc. Two processes play major role in CCP formation – agglomeration, which is characterized by the size enlargement of original aluminum particles in the combustion wave, and generation of fine aluminum oxide particles (or smoke) during the aluminum burning out. In fact, the formation and evolution of CCP particles determine the total efficiency of using the aluminum fuel in rocket motor.

II. Unsolved Problems

The characteristics of CCP particles formed in the combustion of aluminized propellants are controlled mainly by the aluminum behavior in combustion wave. A number of questions about the metal behavior has been formulated by E. W. Price as far as in 1984 [1]. Most of them still remain actual, namely: 

· What controls the pre-ignition formation of the oxide surface layers, the eventual breakdown of protective oxide, the fate of surface oxide during particle burning, and the final form of the surface oxide?

· What are the forces that restrain particles on the propellant burning surface, creating the opportunity for concentration, sintering, and agglomeration? How do they differ for the wide range of present and potential propellant ingredients? 

· What can be done to control surface accumulation, sintering, and/or agglomeration, e.g., by modification of ingredient materials, alloying, or other means?

· How can metal combustion efficiency of 99.5% or better be achieved, with the high metal contents of the propellant needed for peak performance? Can the droplet size of the oxide products be kept in the (1 m size range to keep two-phase flow losses low? 

Though these problems were recognized a long time ago they are not satisfactorily resolved yet. So far there are no ways to predict reliably the characteristics of CCP particles in needed details, for instance, their size distribution and aluminum combustion completeness. Thus, the experimental study now is the only way to obtain needed information. 

Wide collection of experimental data on CCP of typical solid propellants has been got by the authors. All data were obtained using original sampling technique that allows catching the whole population of particles generated by the burning surface of small-size propellant specimen. A brief review of author's results on common features of the CCP characteristics for different propellant formulations is given in the present work.

III. Experimental approach

Used experimental technique has been described in detail previously [2(4]. The key point of the method is quenching and collecting in special design bomb (Fig. 1) of the full population of particles generated by the burning surface of small-size propellant specimen. The propellant specimen is mounted on the top of the bomb with flame directed downward. The protective tube is intended for prevention of mixing the combustion products with surrounding inert gas. Distinctive features of the method are: 

1) continuous blowing the bomb with inert gas; 2) freezing the particles at different distances from the burning surface via mixing the combustion products with inert gas in spatially localized area; 3) catching both the fine oxide particles (using the aerosol filter) and agglomerates (using the set of wire mesh screens). 

The sampled particles are subjected to particle size analysis as well as to chemical analysis [5] for determining the free aluminum content. Typical experimental data obtained for the given distance from the burning surface are the size distributions of particles by mass and by the content of unburned aluminum in specified fraction of particles. Based on these size distribution functions the set of integral characteristics (parameters) can be calculated for given size interval. Thus, the method is suitable for determining general agglomeration characteristics of propellant and for detailed studying the evolution of particle population due to the agglomerate burn out and the smoke oxide formation.
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Fig. 1. Chart of the flow through bomb for sampling of CCP particles:
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iV. overview of CCP properties

The size distribution of full population of CCP particles for typical aluminized propellant is extremely wide and can be conventionally described by three "global modes" [6]:

1) agglomerates, 2) micron size oxide particles, and 3) sub-micron oxide particles. Size of agglomerates usually is in the range from 30(60 m to several hundred microns. Size of micron size oxide particles is 1(2 m to 30(60 m. Size of sub-micron oxide particles is smaller than 1(2 m. Practical requirements urge investigators to study first the characteristics of agglomerates and micron size oxide particles because these particles play important role in performance efficiency and combustion stability in solid motors. Rising interest in characteristics of sub-micron particles at recent time is caused by the ecological problems induced by expansion of civil space application of solid propellant boosters and by incineration of military rockets. However, study of sub-micron particles formation and evolution requires use of special techniques developed mainly in the field of aerosol science. Therefore, these particles are not considered here.

The possibility for dividing the CCP onto the agglomerates and oxide particles is based on the difference in their nature and characteristics. The agglomerate usually has complex internal structure and consists of non-compact metal body partially covered with the oxide cap. The mass content of unburned aluminum in agglomerates may reach 20(30 %. The fine CCP particles consist mainly of aluminum oxide and free aluminum content usually does not exceed 1(2 %. The aluminum oxide formed during aluminum combustion is partially accumulated on the surface of the burning agglomerate in the form of cap and partially departs away from agglomerate in the form of disperse oxide, i. e. fine smoke particles. The key questions of agglomerate evolution study are as follows:

· What is the consumption rate of metallic aluminum in agglomerate combustion?

· What is the ratio between mass fraction of oxide accumulated on the surface and that one detached from the burning agglomerate?

Separate analysis of the agglomerate and oxide particles is most informative and therefore preferable for practice. For most propellants there is a local minumum of the mass size distribution function that allows determination of the bound size dividing agglomerate and oxide particles. However, if the propellant ejects the noticeable amount of aluminum in non-agglomerated form, or in the form of small-sized agglomerates, the size intervals for agglomerate and oxide particles can overlap. In this case the bound size can be established as a local minumum of mass distribution function of unburned aluminum in CCP [4, 7, 8]. Based on experimental data, the common features of CCP population can be formulated as follows:

· Total CCP mass and mass fraction of oxide particles in CCP increase with completeness of aluminum combustion. Correspondingly, the conditions promoting the aluminum combustion completeness (elevated pressure, long residence time before quenching, etc.) give rise in mass of the oxide particles.

· Aluminum burnout from agglomerates leads to decrease in mass of agglomerate population and is accompanied by a decrease in agglomerate's mean size and increase in mass of the fine oxide particle population.

V. Propellant formulation and agglomeration intensity

It is evident that the propellant formulation is an important factor that may affect the agglomeration process along with the combustion conditions. Chemical and granulometric compositions of the propellant formulation determine the physico chemical properties of the propellant and its geometrical structure. The combustion conditions (first of all the pressure level) determine the burning rate and heat exchange intensity in the combustion wave as well as detachment conditions and residence time for agglomerates on the burning surface. The effect of the propellant geometrical structure on aluminum agglomeration is most studied at present time. The mathematical models describing selected agglomeration parameters on the basis of particle size distribution for the propellant ingredients have been formulated two decades ago (so called "pocket" models [9, 10]). 

During last several years our efforts were directed to studying the effects of binder nature, the role of nitramines and the possibility to control the agglomeration intensity via modification of aluminum properties [4, 7, 8, 11-13]. The combustion experiments were conducted at pressures 6(85 atm with freezing the CCP near the burning surface. A number of propellants based on various types of polymer binder and containing AP, HMX, RDX, and Al have been tested. The content of Al in the propellant was in the range 16.8(23%. The intensity of the agglomeration process was characterized by integral parameters calculated on the basis of experimentally determined size distribution function for CCP particles, namely:

Dmn – agglomerate mean size, and mag/mccp – relative mass fraction of agglomerates in CCP, where mag – dimensionless mass of agglomerates, mCCP = mf +mag – total dimensionless mass of CCP, and mf – dimensionless mass of fine particles.

The above dimensionless values are scaled by the total mass of propellant burned.

The combustion behavior the propellants tested under given conditions can be conventionally assigned to the weak or strong agglomeration scenarios. In general, the larger the agglomerate's size and higher its mass contribution, the greater the agglomeration intensity; and vice versa. It is typical for strong agglomeration the relatively large magnitude of incompleteness of the aluminum combustion  = (mass of unburned aluminum in CCP)/(mass of aluminum in propellant burned). Based on the visualization data, the following features can be attributed to the weak and strong agglomeration scenarios:

· In the case of weak agglomeration a significant number of aluminum particles leaves the burning surface in non-agglomerated form or in the form of small-sized agglomerates (sometimes non-burning). In rare cases the large size coral-shape aggregates appear on the burning surface and detach before ignition. The detachment and formation of the round shape aggregates is caused as a rule by the ignition that occurs in most protruded into gas flame point. Usually, for "weakly" agglomerated propellants there is no distinctive boundary between the fine and coarse particles in the total particle size distribution. 

· In the case of strong agglomeration the round shape agglomerates usually start burning within the propellant surface layer with formation of typical "halo" and smoke tail. 
The distinctions in the weak and strong agglomeration scenarios are manifested also in the value of characteristic parameters. In the case of weak agglomeration one has mag/mCCP=0.01(0.20 and D30=95(270 (m, while in the case of strong agglomeration mag/mCCP=0.3(0.54 and D30=130(430 (m. The "map" of agglomeration trends can be constructed using coordinates {D30; mag/mCCP} in which the domain in the left bottom corner corresponds to the “weak” agglomeration trend whereas the opposite corner corresponds to the “strong” agglomeration trend [13], see Fig. 2. As mentioned above, weak agglomeration trend is characterised by a relatively small mean size of agglomerates and their small contribution to the total mass of CCP. The opposite trends are realised in the case of strong agglomeration. Note that the map in Fig. 2 ignores important parameter characterising the efficiency of the metal fuel utilisation – incompleteness of the aluminum combustion  Fortunately, for the propellant formulations studied there is a direct correlation between mag/mCCP and  The larger the CCP particle size, the higher the unburned aluminum content. The agglomerates contain the major part of unburned aluminum.

Some characteristic features of the propellant formulations pictured on the map in Fig. 2 are generalized in Table 1. As compared with analogous Table in [13] the new data have been added (line 8, propellants Y1 and Y4).
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Fig. 2. Map of agglomeration trends.

Table 1. Characteristic parameters of agglomeration scenarios and types of propellant formulation

No
Propellant

ID
high agglomeration trend
mag/mCCP=0.3(0.54, D30=130(430 (m 
Nitramine
Reference

1
I2
isoprene rubber +TO + catalyst
-
[11, 12]

2
E1, E12,AN3
buradiene-nitryl rubber +DEGDN
HMX
[11, 12, 7]

3
R1
buradiene-nitryl rubber +DEGDN
RDX
[13]









Weak agglomeration trend

mag/mCCP =0.01(0.20, D30=95(270 (m 



4
E2 
buradiene-nitryl rubber +DEGDN
-
[11, 12]

5
I1
buradiene rubber +TO
HMX
[11, 12]

6
AN2
buradiene-nitryl rubber +DEGDN, Alex
HMX
[7]

7
H1
НТРВ
-
[13]

8
Y1, Y4
polyvinyl tetrazole polymer + nitroester
HMX
[8]



Weak agglomeration, 

high-burning-rate propellants*

mag/mCCP =0.01(0.30, D30=50(230 (m 



9
EM1
isoprene rubber +TO + FO + UFAP 
HMX
[4, 14]

10
EM2, EM3
isoprene rubber +TO + FO + UFAP 
-
[4, 14]

11
AN1
buradiene-nitryl rubber +DEGDN, Alex
HMX
[7]

12
A1, A2, A3
buradiene-nitryl rubber +DEGDN, Alex 
-
[7]

*) High-burning-rate propellants have r>40 mm/s at P=4 MPa.

Abbreviations: TO - transformer oil, FO - ferrocene oil, DEGDN - diethylene glycol dinitrate, HMX - cyclotetramethylene tetranitramine, RDX - cyclotrimethylene trinitramine, HTPB - hydroxyl-terminated polybutadiene, UFAP - ultra fine ammonium perchlorate, Alex - aluminum exploded.

The effect of propellant formulation on agglomeration trends for tested propellants can be summarized as follows:

(1) Burning rate is the most influential factor. Using in propellant formulation the ultra-fine aluminum, ultra-fine AP, or catalysts that results in essential increasing the burning rate leads to decrease in the agglomeration intensity just due to thinning the pre-heat layer of the combustion wave. The propellants with burning rate r> 40 mm/s at 40 atm, which can be conventionally referred to high-burning-rate propellants, exhibit weak agglomeration trend independently of the propellant formulation.

(2) For the propellants with "normal" burning rate (10(30 mm/s at 40 atm), other factors may play significant role, for instance, the nature of binder or presence of nitramine. Unfortunately, there is no simple rule for determining a priori the role of these factors. In particular, a replacement of inert binder (isoprene rubber based) by energetic one (nitryl rubber/DEGDN based) in classical propellant formulations (AP/Al/binder, no nitramine) decreases the agglomeration intensity. Further, in the case of the same energetic binder, the addition of HMX leads to significant increase in the agglomeration intensity. At the same time, the propellants Y1 and Y4 with energetic binder based on polyvinyl tetrazole polymer/nitroester exhibit weak agglomeration even in the presence of HMX in the propellant formulation.

(3) Replacement of HMX by RDX in the propellant formulation leads to increase in the agglomeration intensity.

The detailed data on formulation of selected propellant types are given in Table 2.

Table 2. Selected propellant formulations (% mass).

Propt ID
Main ingredients
Tested pressures P, MPa;

Burning rate r, mm/s

Y1
18% Al: D30 = 6 m

20% binder: polyvinyl tetrazole polymer/nitroester 9% AP: S=6700 cm2/g 

18% AP: 160-315 m

35% HMX: 250-1000 m
P = 4.6; 

r(4.6) = 16 mm/s

Y4
18% coated*) Al: D30 = 6 m

20% binder: polyvinyl tetrazole polymer/nitroester
9% AP: S=6700 cm2/g 

18% AP: 160-315 m

35% HMX: 250-1000 m
P = 4.3; 

r(4.3) = 16 mm/s

AN1
5.4% Alex: D ~ 0.1 m

12.6% Al: D30 = 6 m

20% binder: buradiene-nitryl/DEGDN

9% AP: S=6700 cm2/g 

18% AP: 160-315 m

35% HMX: 250-1000 m
P = 4.6; 

r(4.6) = 46 mm/s

AN2
1.5% Alex: D ~ 0.1 m

16.5% Al: D30 = 6 m

20% binder: buradiene-nitryl/DEGDN

9% AP: S=6700 cm2/g 

18% AP: 160-315 m

35% HMX: 250-1000 m
P = 4.6; 

r(4.6) = 35 mm/s

AN3
18% Al: D30 = 6 m

20% binder: buradiene-nitryl/DEGDN

9% AP: S=6700 cm2/g 

18% AP: 160-315 m

35% HMX: 250-1000 m
P = 4.6; 

r(4.6) = 22 mm/s

*) In the propellant formulation Y4 the aluminum coated with fluorine containing polymer (CH2=CH2-O)2Si[OCH2(CF2-CF2)2H2]2 was used.

To illustrate the above statement (2) let us examine the data in Fig. 2 and Tables 1, 2 for propellants Y1 and AN3 that have the same powdered ingredients but different binders. The nature of binder results in essential change in aluminum behavior: propellant Y1 exhibits weak agglomeration trend while the propellant AN3 – strong agglomeration trend.

The results presented concern briefly the effects of the burning rate, nature of binder and nitramine presence on the agglomeration intensity. For additional details one may refer to the original works [4, 6-8, 11-14]. 

VI. Modification of aluminum properties

A promising way to control the agglomeration process is modification of the properties of original aluminum particles used in the propellant formulation. Let us consider two examples.

1. For the propellant formulations AN1, AN2, AN3 (see Tables 1, 2) based on nitryl rubber/DEGDN, AP and HMX [7], a partial replacement of commercial grade aluminum (~ 6 m) by Alex (~ 0.1 m) resulted in significant decrease of the agglomeration intensity. One can see in Fig. 1 that the curve AN3—AN2—AN1 passes from the high-agglomeration region to the weak-agglomeration region. At the same time, when the Alex/Al ratio changes in sequence 0/100, 8.3/91.7, 30/70, the burning rate increases and equals 22 mm/s, 35 mm/s, and 46 mm/s for the propellants AN3, AN2, AN1, correspondingly. In this particular case the effect can be attributed mainly to increasing the burning rate and illustrates the above statement (1). Note that the Alex additive acts as a burning rate modifier which does not change the chemical composition of the propellant.

2. The attempt of direct experimental estimation of the effect of aluminum particle coating on agglomeration parameters has been performed in [8]. It was found that the variation of only coating material leads to modification of the combustion characteristics – burning rate, agglomerate size distribution, combustion incompleteness of aluminum, etc. Maximal effect was achieved for aluminum coated with fluorine containing polymer (CH2=CH2-O)2Si[OCH2(CF2-CF2)2H2]2. Using coated aluminum in the propellant formulation Y4 instead of ordinary aluminum in the propellant formulation Y1 very slightly changes the burning rate (Table 2) but results in decreing the dimensionless agglomerate mass by twofold (points Y1 and Y4 in Fig. 1). Unfortunately, this effect is accompanied with increasing the agglomerate size that makes impossible to conclude unambiguously about effectiveness of the aluminum coating for a given type of propellant formulation. Nevertheless, the results obtained demonstrate principal possibility for use of the coated aluminum to modify the solid propellant combustion characteristics, including aluminum agglomeration behavior.

VII. Evolution of individual agglomerates

The main problem in analysis of individual agglomerate combustion behavior in solid propellant flame is the wide range of agglomerate's particle size and residence time and the uncertainty of its combustion conditions (variation of local temperature and concentration profiles). Due to this reason it is impossible to derive information on individual agglomerate behavior on the basis of the macro-kinetics data obtained for whole CCP-population. 

A new experimental approach based on sampling technique was suggested in [15] for direct study of the agglomerate evolution using special model propellant that consists of non-metallized homogenized matrix filled with a finite number of heavy metallized macro inclusions. Use of homogenized matrix provides uniformly distributed and well specified gas environment. Besides, by varying the matrix formulation one may vary the content of oxidizing species in gas. Upon model propellant specimen burning each inclusion transforms in the combustion wave into single agglomerate whose size is determined by the initial size and composition of inserted macro element. 

The first experimental data obtained for monodisperse agglomerates with size in the range 400(540 m have been reported in [16, 17]. The following approximate expression for the metal combustion incompleteness ( = mAlag/mAl0 in dependence of residence time in propellant flame t and pressure P has been constructed: 
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, where 20<t<90 ms, 10<P<64 atm. Here mAlag is the mass of unburned aluminum in sampled agglomerate, mAl0 is the initial mass of aluminum in heavy metalized inclusion. In addition, it was found that the mass fraction of oxide accumulated on the burning agglomerate, ( = moxag / moxform, increases with aluminum conversion extent. This is described by expression (=0.54+0.21((1-Here moxag is the mass of oxide in sampled agglomerate, moxform is calculated total mass of oxide formed upon combustion of the aluminum amount that corresponds to the magnitude of .

It is interesting to note that for above experimental conditions (~ 500 m agglomerate size, P=10(64 atm) the mass of agglomerate slightly increased with time due to accumulation of the oxide. In our preliminary experiments with smaller size agglomerates (~ 340 m) such behavior was not observed and mass of burning agglomerate decreased with time.

VIII. Fine Oxide particles formed in propellant combustion

The data on oxide particles in size range 0.5(40 m are discussed in this section. The mass size distribution of fine oxide particles was measured by the Malvern-3600 sizer. The results are presented in [2, 6, 7, 11]. As stated above, a direct correspondence between the amount of burned aluminum and the mass of oxide particles exists. For all solid propellants studied, mass size distribution of oxide particles is very similar in spite of wide variation of the propellant formulation and combustion conditions. As a rule, 3 local modes are observed in following Malvern's histogram size intervals: 0.5÷1.9 m, 3÷5 m, and 6.4÷8.2 m. The histogram peak 3÷5 m is most expressed. Variation of firing conditions causes changing the mode amplitude but not its location. For the propellant formulations that follow the weak agglomeration scenario the observed features of oxide size distribution can be attributed to the size distribution of initial aluminum particles. These propellants eject into gas phase a considerable number of non-agglomerated particles, and the correlation between modes in the size distribution of initial aluminum particles and modes in the size distribution of fine oxide particles may exist. An example of such correlation is presented in Fig. 3. The data have been obtained at pressure 6.7 MPa for the propellant H6 (not presented in Tables 1, 2) containing 20.6 % Al. Mass ratio of fine oxide and agglomerate particles in CCP was 70:30. In order to bring the plots in Fig. 3 to equal scale, the value of size distribution functions f(D) for initial aluminum particles in the propellant was multiplied by the magnitude of mass fraction of aluminum in propellant formulation.

One can see that the modes in Malvern's channels 6 (3.0(3.9 m) and 9 (6.4(8.2 m) in size distribution function of original aluminum produce corresponding modes in the oxide particles size distribution. At the same time in size distribution function for oxide there is a peak in channel 2 (1.2(1.5 m) which is not presented in initial aluminum distribution. 

Each newly developed model for aluminum oxide particle formation should include several mechanisms [18-22]. Aluminum vapor as well as the gaseous aluminum sub-oxides (AlO, for instance) formed via interaction of Al and Al2O3 on the burning Al-particle diffuse away from particle surface, react in the flame zone surrounding Al-particle, and form the condensed Al2O3 particles of sub-micron size (sometimes up to 1.5 m). Thus, the origin of the oxide particles in Malvern's histogram interval 1.2(1.5 m has to be referred to the vapor-phase combustion. Formation of these particles is controlled both by condensation and coagulation processes proceedings with primary oxide particles mainly in the vicinity of burning Al-particle. 

The formation of the oxide particles of micron-size modes is assumed to be a result of transformation of oxide cup, presented on each Al-particle during combustion, into single oxide particle after full consumption of aluminum. The size distribution of such oxide particles depends on the size distribution of burning Al-particles (both agglomerates and non-agglomerated particles). For the propellants studied the modes in size interval 3.0(3.9 m and 6.4(8.2 m can be attributed to the combustion of aluminum particles of original size. In this case, when the diameter of initial aluminum particle equals the diameter of produced oxide particle, the simple expression may be derived for the mass fraction of oxide accumulated on the burning Al-particle: ( = (54/102)(ox / Al). Taking the density of oxide ox =3.9 g/cm3 and the density of aluminum Al =2.7 g/cm3, one can estimate ( = 0.76.
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Fig. 3. Mass size distribution functions for initial aluminum particles in the propellant H6 and for aluminum oxide in CCP sampled at pressure 6.7 MPa. The propellant H6 contained 20.6 % Al and demonstrated weak agglomeration trend.

IX. CONCLUSIONS

The results of this work show that the experimental approach based on detailed examination of practically total amount of condensed combustion products of metallized propellant provides an effective tool for studying the aluminum behavior in solid propellant combustion including agglomeration, agglomerate evolution and formation of oxide particles in dependence on firing conditions and propellant formulation. Unfortunately, the effect of given component type is ambiguous and may vary in different propellant formulations. The variation of binder nature and modification of aluminum properties look as promising ways to decrease the agglomeration intensity. The approach described, however, does not allow giving answer on the questions regarding the causes of the agglomeration process in order to give practical methods for its reduction. To get needed information, it is necessary to study in microscale the combustion behavior and especially physicochemical interaction between metal particles and the products of binder and oxidizer decomposition under high heating rate. This requires designing a new experimental technique. 

The mechanisms of smoke oxide particle formation are studied insufficiently. For their better understanding it is necessary to study the processes of formation and coagulation for particles of sub-micron size range using approaches developed in aerosol science. The problem of keeping the size of oxide particles as small as possible to reduce the two-phase flow losses presumable may be solved by using fine aluminum powder with the proviso that it does not sinter in the combustion wave. 
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