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Abstract

The characteristics of the condensed combustion products (CCP) were studied via sampling technique at pressure 46 atm (nitrogen or argon) for 7 formulations of metalized propellant based on well characterized ingredients. All formulations contained 18% of aluminum (commercial grade and ultra fine particles in various proportions), AP or mixtures of AP and HMX, and 20% of energetic binder. The replacement of commercial aluminum by electrically exploded aluminum (Alex) led to an increase in the burning rate, a decrease in agglomerates mass and an increase in the metal conversion completeness. All propellant formulations exhibited rather effective aluminum conversion (total unburned aluminum content in CCP did not exceed 9%). The observed trends were most pronounced in the combustion of HMX containing propellants where even small additives of Alex (Alex/Al = 8.3/91.7) produced a noticeable effect. For oxide particles of 0.5-15 m size a typical three-peak pattern of the mass size distribution function has been observed. The mass size distribution function for different formulations was not changed significantly by the partial replacement of aluminum by Alex, and an increase in the metal combustion completeness was achieved mainly by a decrease of the mass fraction of agglomerates that contained the major portion of unreacted aluminum. The higher the extent of aluminum conversion, the greater the contribution of oxide mass in the total mass of CCP. The effect of environmental gas on the CCP characteristics (both agglomerate and oxide particles) was studied by using argon instead of nitrogen as pressurizing gas. The gas environment did not change significantly the CCP size distribution. 

Introduction

Agglomeration of metal in the combustion wave of composite propellants as one of the main processes that control the efficiency of aluminum conversion still remains unsolved problem because of great complexity of the physicochemical processes and the lack of data on behavior of metal particles under fast heating in oxidizing media. Using ultra fine metal particles gives additional possibility to affect the process of agglomeration and metal combustion completeness due to enhancement of chemical reactivity of metal and resulting increase of heat release in the vicinity of the burning surface. Thus the study of propellant formulation with additives of different kind ultra fine metal powders is of undoubted interest. 

At present time several methods for producing the ultra fine aluminum powders are known: evaporation and condensation of Al in argon [1], electrical explosion of Al wire [2] (this material under name of Alex is commercially distributed by Argonide Corp., USA [3]), and electrical arc plasma re-condensation [4]. The first attempts to explore combustion behavior of ultra fine Al loaded propellants have been undertaken in Russia about 30 years ago. A brief literature survey concerning Alex properties characterization and Alex containing formulations combustion as well as some our previous results have been reported in [5]. It was shown that the Alex addition results in modification of ballistic characteristics – by increasing the burning rate, decreasing pressure exponent in the burning law, etc. These features seem to be caused by the low threshold temperature when the Alex chemical reacting starts as compared with ordinary commercial aluminum powder. Howeverno data on the effect of the ultra fine aluminum powders on condensed combustion products (CCP) are available in the literature.

The objective of the present work was to evaluate particle size distribution and free aluminum content both for agglomerates and fine oxide particles formed in combustion at elevated pressure of AP/HMX based propellants that contain ultra fine aluminum and commercial aluminum in different proportions. In most cases the Alex [2] was used as ultra fine aluminum component but one formulation contained the powder named "UFA", produced via electrical arc plasma re-condensation [4]. All experiments have been performed using original sampling method [6] at the pressure approximately equal to 46 atm. Two different gases (argon or nitrogen) were used for the bomb pressurization to evaluate the gas environment effect.

Experimental Technique

Propellant formulations

Totally seven compositions of aluminized propellants were studied in the present work, see Table 1. They can be divided into two “lines” – propellants based on pure AP (batches # 1-3) and that on the mixture of AP and HMX (batches # 4-7). In each line the proportion of ultra fine and commercial aluminum has been varied. In batch #7 (shadowed cell) an UFA powder was used instead of Alex. All propellants contained energetic binder (EB) made of butadiene-nitryl rubber plastisized with diethylene glycol dinitrate (DEGDN).

Mixing of components was performed in the teflon mortar by summary propellant weight about 100 g per batch. Curing of cylindrical propellant samples was performed individually in teflon forms with open ends in air at 70oC during 170 hours. Samples for the firing tests had cylindrical shape with diameter of 7.8 mm and length of 16-18 mm. 

It has to be noted that the production of Alex containing propellant meets considerable difficulties due to large specific area of the Alex powder that results in poor mixing of components. Therefore, the acetone was used in the mixing process as a liquefying agent. The acetone has been evaporated during curing. In this case one may expect the presence of porosity in the bulk of propellant. The cavities with size up to 0.7 mm were observed on the lateral surface of cured samples. The propellant density was determined on cured propellant samples and served for indication of propellant porosity. Due to the porosity, the burning rate data obtained in sampling bomb tests have relatively high scatter and should be treated only as an illustration for the formulation effects. 

Table 1. Propellant formulation 

Batch #
, g/cm3
Alex/Al
EB
AP1
AP2 
HMX
Al
Alex 

1
1.62(0.04
0/100
20
41
21
-
18
-

2
1.59(0.02
30/70
20
41
21
-
12.6
5.4

3
1.52(0.04
100/0
20
41
21
-
-
18

4
1.59(0.02
0/100
20
18
9
35
18
-

5
1.64(0.03
30/70
20
18
9
35
12.6
5.4

6
1.56(0.02
8.3/91.7
20
18
9
35
16.5
1.5

  7*)
1.56(0.03
30/70
20
18
9
35
12.6
  5.4*)

Comment: *) In batch #7 UFA powder was used instead of Alex.

Propellant ingredients
The results of particle size distribution analysis for commercial AP, HMX, and Al are presented in Table 2 in the form of mean diameters Dmn. In the cases when commercial sizer Malvern 3600E was employed, the suspension of particles in the carrier liquid was subjected to ultrasound treatment during 40 second before measurement and the mechanical mixer was in action during measurement. For Alex and UFA powders the curves of cumulative mass size distribution function, obtained by Malvern sizer, are presented in Fig. 1. The data have meaning of estimate only, because the size of particles is too small for this analysis method. However, it shows that Alex and UFA powders have similar size distribution and contain (80% by mass of particles with size smaller than 5 m. It should be underlined that obtaining the correct data on size distribution for ultrafine powders is a difficult technical task. In fact, using optical techniques – visible light microscopy or automatic sizers based on light scattering – faces the restrictions caused by the finite value of the light wavelength. In order to determine the particle size distribution function by means of electron microscope it is necessary to measure thousands of particles because of the wide size range – from 0.01 m to 10 m – of their population. This statement is illustrated by Fig. 2 where typical overview of Alex powder is presented made by microscope JEM-100SX at magnification 5600X. One can see individual round shape particles with size about 1 m and large number of small (<0.1 m) particles.

The chemical analysis indicates the following content of active (metallic) aluminum in used for the propellant manufacturing powders – Alex: 82.2(0.3%, UFA: 85.5(0.7%, ordinary commercial Al: 97.8(0.9%.

Table 2. Mean size Dnm (m) for propellant ingredients

Com-ponent
Grain size or surface area
Analysis method
D10
D20
D30
D32
D43
D53

AP1
160-315 m
optical microscope
282
285
288
294
301
304

AP2 
6700 cm2/g
Malvern, hexane
4.5
5.4
6.6
9.6
13.1
14.8

HMX
> 315 m
optical microscope
211
236
264
330
402
434

Al
~ 15 m
Malvern, water
4.2
4.8
5.9
8.8
15.2
18.7
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Fig. 1. Cumulative mass size distribu-tion for Alex and UFA powders. Malvern 3600E data, acetone as carrier liquid.
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Fig. 2. Typical electron microscope image of Alex powder.

.

The experimental procedure and data treatment

The original technique designed for simultaneous sampling of agglomerates and fine oxide particles followed by size distribution and chemical analyses has been described previously [6-10]. Briefly, when small size propellant specimen burns inside the blow through bomb, the combustion products are diluted and quenched via mixing with inert gas and trapped with wire mesh screens and aerosol filter installed in the gas outlet. Below we present only specific features of approach used in this work.

( Each experimental series consisted of 3 propellant samples with total mass about 4 g which were consecutively combusted under identical conditions that provided generation of 1.4-2 g of CCP used for subsequent analyses. The lateral surface was inhibited by the vacuum oil Alcaren®. Additionally, the weak gas blowing (~ 1 cm/s) was arranged along the lateral sample surface directed from the cold to hot end. Obviously, the oil drops were trapped by wire mesh screens and by filter but special tests have shown that oil did not make effect on particle size distribution and on chemical analysis results. 

( The thin (~ 1 mm) layer of pliant non-metalized propellant was attached to the ignited butt end of studied propellant specimen to make easier its ignition.

( The initial pressure in all experiments was 41 atm. The maximum rise of pressure during the combustion run was 11-12 atm. The characteristic pressure in the individual run was taken as a half of sum of initial and final pressures. The characteristic pressure and burning rate for given series were chosen as arithmetical mean values of characteristic pressure and burning rate for individual runs.

( The nominal mesh sizes of wire screens in the stack installed inside the bomb were 130, 150, 300, and 450 m. 

( The sampled particles were divided into fractions via dry and wet sieving in acetone by using sieves with the same mesh sizes. The particles caught by the filter were added to the sieve fraction <130 m. All sieved fractions of particles were weighed after drying with accuracy of no less than 0.00015 g and then were subjected to the particle size and permanganatometric analysis [11] to determine the free aluminum content.

( The fine (< 130 m) particles were analyzed with Malvern 3600E sizer using acetone as the carrier liquid after 40 seconds treatment with ultrasound and with continuous mechanical mixing of suspension. 16 channels were employed with exponential incrementing width in the size range 0.5-118.4 m.

( Particle size analysis for fractions >130 m was performed using optical microscope. The accuracy of size measurement estimated as a half of histogram sub-range was equal to 9 m for fractions in the size range 130-300 m, and 22 m for fractions 300-450 m. These values may be treated as an estimate for the accuracy of the data on mean diameters reported below.

( The density of particles of <130 m size was assumed to be equal to 3.71 g/cm3 while the mean density of particles in fractions >130 m was determined experimentally.

Based on the results of particle size analysis and chemical analysis of sieved fractions particles, the mass size distribution functions and the set of parameters that characterize the CCP particles were calculated using original computer codes.

The definitions of used characteristics are as follows: 

Mass size distribution function for CCP particles, f (D), or distribution of relative mass of CCP, is defined as  fi(D) = mi /(Mprop(Di), where mi is the mass of CCP in the i-th histogram sub-range, and Di  is the width of i-th size interval. 

Mass size distribution function for unburned aluminum in CCP, fiAl(D), is defined as fiAl(D)= fi(D)(jAl, where fi(D) is the histogram of relative mass of CCP, jAl is the mass content of aluminum in the j-th sieve fraction. Index i is omitted below.
DL and DR bound sizes. The whole population of CCP particles can be treated as consisting of coarse (D>DL) and fine (D<DL) condensed combustion products that correspond to agglomerate and oxide particles. For propellants under study bound size DL can be easy established as a local minimum in a mass size distribution function f(D), because there is the size interval in the range of 33-127 m, where f(D)(0. 

When calculating the mean diameters for agglomerates, the upper limit size DR was used. This size is the maximal size of agglomerates that is determined as the right end of monotonous portion of the normally filled with CCP particles f(D) curve. Actually, single particles with the size greater than DR were excluded from calculation of the characteristic mean sizes Dmn of agglomerates. The formation of several extra large particles in each test can be caused by transient combustion of the propellant sample, when burning surface reaches sample holder plate, and/or destroying the igniting nichrome wire in the flow of hot combustion products.

The following dimensionless characteristics of CCP were calculated for fine and agglomerate particles on the basis of experimental mass size distribution functions f(D) and f Al(D). The characteristics are scaled by the total mass of propellant burned Mprop. (For example, mf = Mf/Mprop, where Mf is the mass of fine particles).

mf – dimensionless mass of fine particles,

mAlf – dimensionless mass of free aluminum in fine particles,
mag – dimensionless mass of agglomerates,
mAlag – dimensionless mass of free aluminum in agglomerates,
mccp = mf +mag – total dimensionless mass of CCP,

mAlccp = mAlf +mAlag – total dimensionless mass of aluminum in CCP, 

mAlprop – dimensionless initial mass of aluminum in propellant,

mag/mccp – relative mass fraction of agglomerates in CCP,

mf/mccp – relative mass fraction of fine particles in CCP,

[Al]f = (mAlf/mf)(100% - percentage of free aluminum in fine particles,

[Al]ag = (mAlag/mag)(100% - percentage of free aluminum in agglomerates,
[Al]ccp = (mAlccp/mccp)(100% - percentage of free aluminum in CCP,

mAlf /mAlprop - relative quantity of free aluminum in fine particles,

mAlag/mAlprop - relative quantity of free aluminum in agglomerates,

mAlccp/mAlprop - total incompleteness of aluminum combustion,

mf : mag - mass ratio of fine particles and agglomerates in CCP,

mAlf : mAlag - mass ratio of free aluminum in fine particles and in agglomerates.
Experimental results

The performed 13 experimental series are listed in Table 3. The series identifier consists of letters A (Argon) or N (Nitrogen), which correspond to gaseous environment, and the number, which represents batch number # from Table 1. The experimental conditions in series N7D (the letter “D” means “duplicate”) were the same as in series N7. Thus, the comparison between the results of N7 and N7D series gives the notion about general reproducibility of experimental and treatment procedures. 

The data in Table 3 show that the propellants studied exhibit very effective aluminum conversion and low intensity of the agglomeration process. Actually, the agglomerate formation is relatively rare event that brings low contribution of the agglomerates mass into total CCP mass. However, for most propellants the main portion of non-consumed aluminum is presented in agglomerates. Detailed data on the content of unburned aluminum in CCP are reported in Table 4. 

Table 3. Pressure P, burning rate r and total CCP characteristics 

Series
P, atm
r, mm/s
mccp
mAlccp
mf:mag
mAlf:mAlag
mAlccp/mAlprop

A1
49
39(10
0.514
0.0104
97:3
10:90
0.058

N1
46
48(9
0.371
0.0146
89:11
7:93
0.081

A2
49
61(6
0.374
0.0066
96:4
14:86
0.037

N2
44
60(6
0.289
0.0093
90:10
6:94
0.052

A3
50
290(40
0.442
0.0015
98:2
80:20
0.008

N3
46
290(50
0.542
0.0029
99:1
76:24
0.016

N4
46
22(2
0.297
0.0347
69:31
4:96
0.193

A5
46
41(4
0.365
0.0129
91:9
15:85
0.072

N5
46
46(7
0.433
0.0154
88:12
7:93
0.085

N6
46
35(3
0.306
0.0271
80:20
7:93
0.150

A7
47
40(6
0.288
0.0124
90:10
16:84
0.069

N7
46
40(4
0.452
0.0148
90:10
12:88
0.082

N7D
46
50(6
0.370
0.0150
88:12
9:91
0.084

Table 4. Chemical analysis data on unburned aluminum for individual sieve fractions of CCP particles and averaged over all sampled CCP (% mass.)

Series
< 130 m
130-150 m
150-300 m
> 300 m
[Al]ccp

A1
0.21
57.0
57.4
~2
2.0

N1
0.30
33.4
39.7
7.7
3.9

A2
0.26
47.0
37.0
0
1.8

N2
0.22
35.0(1.2
39.4
5.2
3.2

A3
0.27
2.8
3.1
~4
0.3

N3
0.42
8.0
~14
~6
0.5

N4
0.63
37.4(1.0
38.2(0.5
33.8(1.6
11.7

A5
0.58
36.5
33.4
0
3.5

N5
0.30
24.5(0.5
31.2(0.3
~5.6
3.5

N6
0.78
39.4(0.5
43.8(0.3
24.0
8.9

A7
0.79
40.0
39.6
3.7
4.3

N7
0.32
25.1(0.1
39.4(0.2
4.7
3.3

N7D
0.42
29.3
33.2(0.5
6.7
4.1

Comments:

1.  In most cases the data presented correspond to the mean result of analyses of two independent probes. The figure after sign ( corresponds to standard error of determined value. This figure is not written if mass of given fraction of CCP was too small to repeat an analysis and only one determination was made. 

2.  The sign ~ corresponds to low accuracy data due to small absolute mass of the probe (fraction).

Due to pronounced boundary between coarse and fine CCP particles we will discuss below their characteristics separately.

Agglomerate characteristics 

The major part of coarse (>DL) CCP particles is "classical" nearly spherical shape agglomerates covered with hard surface oxide layer. In most series mean agglomerate density was found to be equal to about 2.1(2.3 g/cm3, except series A3 and N3 (formulations with 100% Alex). In these series sampled agglomerates had rough surface, coated with attached flakes, and agglomerate density was equal to 1.3(2.0 g/cm3. One may propose that during combustion of this formulation #3 a partial destruction of the burning surface (dispersion) does occur, and some part of agglomerates finish their formation not in the condensed but later in the gas phase. That is why the appearance and density of these agglomerates have distinctive features. There are two facts indicating the disturbance of layer-by-layer character of combustion of the formulation #3 based on pure Alex. 1) The extremely high burning rate has been measured during combustion of such samples that was accompanied by loud sound (like explosion) and damages of some interior bomb constructions. 

2) The sampled condensed combustion products partially consisted of powder that looked like crushed propellant specimen material. This powder can be dissolved in acetone and in water. The chemical and RFA analyses show the presence of AP (up to 27% mass) in this powdered material.

The main mass and size characteristics of agglomerate particles are presented in Table 5. Before analyzing the data it should be remarked that comparison between series N7 and N7D gives the notion about scatter or reproducibility of presented parameters. Unfortunately, the larger the Alex fraction, the worse sample quality. "Bad" samples have the porosity that causes scatter in the burning rate data and causes the roughness and caverns on the lateral sample surface. The oil used for inhibiting the lateral surface filled these caverns and then was dispersed in the course of combustion. The oil drops, being trapped by screens and filter, contaminated sampled products, especially their fine fraction. That is why the scatter of mass parameters is relatively high because the oil mass depends on the roughness of the sample surface. However, one can see in Table 6 that values mag, mAlag, mAlccp in series N7 and N7D have fairly good reproducibility.

The basic tendencies in agglomerate characteristics behavior are as follows.

In all series the mass size distribution function has a typical shape and therefore it is not pictured here. The position of maximum practically coincides with the mean size D10. The "width" of the distribution can be characterized by the ratio D10/D43.

The effect of replacement of commercial Al by Alex has been studied in series consequence A1-A2-A3 and N1-N2-N3 for the propellant formulations without HMX and in series N4-N6-N5 (A6) for the propellant formulations containing HMX.

Analysis of experimental data reported in Tables 5-6 shows that such replacement leads to increase in the burning rate, decrease of agglomeration intensity and decrease of the metal combustion incompleteness. For propellants without HMX the characteristic sizes Dmn for different formulations do not differ significantly and decrease of the metal combustion incompleteness is achieved mainly due to decrease of the mass fraction of agglomerates. In other words, the shape of size distribution curve is not changed while its amplitude decreases. The most pronounced example of such behavior demonstrates propellant #3 where ratio mf:mag amounts 99:1 (series N3) and 98:2 (series A3). 

Propellant formulations containing HMX initially exhibit the higher agglomeration intensity as compared with pure AP based propellants. For instance, free aluminum percentage in CCP in series N4 is 3 times higher ([Alccp]=11.7%) than that in series N1 ([Alccp]=3.9%). The listed above trends are most expressed in the combustion of HMX containing formulations. Indeed, the higher incompleteness is the result of the bigger mass of agglomerates. The mean sizes Dmn slightly decrease with replacement of Al by Alex (the maximum of size distribution function moves left). It is noteworthy to underline that in the case of HMX containing propellants even small amount of Alex in the propellant formulation produces sizable effect on the agglomeration behavior (propellant #6).

It is interesting to note that for all studied propellants the one of the main parameters that characterize the agglomerate intensity, namely, dimensionless mass of agglomerate mag, demonstrates practically inversely proportional dependence to the burning rate, Fig. 3.

Regarding the influence of gaseous environment it was revealed that in most cases the experiments in argon give smaller value of agglomerate mass as compared with the experiments in nitrogen though the propellant burning rates in both gases practically coincide. However, a noticeable difference in agglomerate sizes was not observed. The nature of this phenomenon is not clear yet.

The experimental series N6 and N7 were performed to estimate fine aluminum type effect. For this end an UFA was used in formulation #7. Actually, no considerable difference in agglomerate behavior has been observed, and no specific features of different chemical reactivity of Alex and UFA were detected.
Table 5. Mass and size characteristics of agglomerate particles. Mean size Dnm was calculated in size interval DL-DR. The values Dnm, DL, DR are given in m.

Series
DL-DR
mag
mAlag
[Al]ag
D10
D30
D32
D43
D53
D43/D10

A1
34-289
0.018
0.0094
52.5%
167
170
174
179
181
1.07

N1
100-289
0.040
0.0136
34.2%
165
170
174
180
182
1.09

A2
24-433
0.015
0.0057
38.0%
172
176
181
186
190
1.08

N2
118-238
0.026
0.0087
33.5%
162 
164
166
169
170
1.04

A3
34-433
0.010
0.0003
2.9%
188
202
217
237
248
1.26

N3
24-306
0.007
0.0007
10%
162 
167
173
180
184
1.11

N4
118-736
0.093
0.0334
35.9%
212 
230
250
274
288
1.29

A5
34-306
0.033
0.0110
33.3%
183
189
195
201
205
1.10

N5
118-325
0.052
0.0143
27.5%
174 
180
186
193
196
1.11

N6
118-605
0.061
0.0252
41.3%
186 
195
205
218
225
1.17

A7
34-736
0.030
0.0104
34.7%
171
179
188
212
239
1.24

N7
118-303
0.043
0.0135
31.4%
170
175
181
187
190
1.10

N7D
118-306
0.047
0.0136
28.9%
171
177
183
189
192
1.11
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Fig. 3. Unified dependence of dimensionless agglomerate mass on burning rate.

Two round shape circled points corresponding to series N7 and N7D performed under identical conditions give estimate for reproducibility of experimental data.

Characteristics of the fine CCP particles.

The main mass characteristics of particles with size smaller than DL and their contribution into total CCP mass are shown in Table 6. First of all it should be noted that in all cases the unburned aluminum content [Al]f does not exceed 0.8%. Thus, the fine CCP particles consist mainly of oxide formed in course of aluminum burnout. The ratio of the fine particle and agglomerate masses mf:mag varies from (69:31) to (99:1). At the same time the ratio of free aluminum mass contained in fine particles and in agglomerates, (mf:mag), for most series varies from (6:94) to (16:84). The propellant sample with total replacement of commercial aluminum by Alex (series A3 and N3, shadowed lines in Table 6) exhibit exceptional behavior due to extremely low agglomerate mass and mass contribution of agglomerates into total mass of CCP: mf:mag = 98:2 and mf:mag = 99:1 for series A3 and N3, respectively.

Table 6. Mass characteristics of fine particles 

Series
DL, m
mf
mAlf
[Al]f
mf:mag
mAlf:mAlag

A1
34
0.497
0.0010
0.2%
97:3
10:90

N1
55
0.331
0.0010
0.3%
89:11
7:93

A2
24
0.359
0.0009
0.3%
96:4
14:86

N2
55
0.263
0.0006
0.3%
90:10
6:94

A3
34
0.432
0.0012
0.3%
98:2
80:20

N3
24
0.535
0.0022
0.4%
99:1
76:24

N4
118
0.204
0.0013
0.6%
69:31
4:96

A5
34
0.332
0.0019
0.6%
91:9
15:85

N5
118
0.381
0.0011
0.3%
88:12
7:93

N6
118
0.245
0.0019
0.8%
80:20
7:93

A7
55
0.258
0.0020
0.8%
90:10
16:84

N7
118
0.409
0.0013
0.3%
90:10
12:88

N7D
118
0.324
0.0014
0.4%
88:12
9:91

The features of the mass size distribution function behavior (in the range from 0.5 m to DL) can be summarized as follows. 

· In all cases the mass size distribution of fine particles has three characteristic peaks or local maxima which were previously observed for other aluminized propellants [6, 8-10]. Typically these peaks are located in 2nd (1.2-1.5 m), 6th (3-3.9 m) and 9th (6.4-8.2 m) Malvern sizer histogram size intervals. 

· For both propellant types – with HMX and without HMX – the higher aluminum conversion degree, the greater oxide mass in total mass of CCP. In other words, mf increases with reduction of agglomerate mass mag and with reduction of incompleteness of aluminum combustion [(mAlccp)/(mAlprop)]. The last quantity decreases with the burning rate. In the case of experimenting in nitrogen, with consecutive replacement of aluminum by Alex the incompleteness of aluminum combustion [(mAlccp)/(mAlprop)] decreases monotonously and mass size distribution f(D) transforms so as at first the f(D) right tail becomes shortly and then the magnitude of function f(D) increases in the size range 0.5-1.9 m. 

· For the propellant composition #7 based on UFA the mass size distribution function f(D) has elongated right hand side tail (DL up to 118 m) as compared with another series. The reason for such behavior is not clear at present time.

· When the combustion experiments are carried out in argon instead of nitrogen, the function f(D) changes. Namely, in most cases right hand side tail becomes shorter and the magnitude of function f(D) increases in the size range 0.5-1.9 m. The mechanism of this influence in not clear too. Analysis of the thermodynamic calculation data on combustion product characteristics and comparison of the physical properties of argon and nitrogen show no sizable distinctions which may induce the disparity in the combustion mechanism or in the freezing rate for aluminum particles. 
Conclusions

Ultra fine metal (like aluminum exploded Alex) powders seem to be promising additive to the propellant formulation to diminish agglomeration intensity especially for HMX containing formulations. The experiments have shown that the replacement of commercial aluminum by Alex leads to increase in the burning rate, decrease of the agglomeration intensity and increase in the metal conversion completeness. The aluminum combustion incompleteness correlates with the mass of agglomerates. For all propellants the dimensionless mass of agglomerate varies inversely as the burning rate. In the case of HMX containing propellants even small amount of Alex (Alex/Al = 8.3/91.7) in the propellant formulation gives sizable effect. In future work it should be estimated the minimal concentration of Alex that may affect agglomeration and combustion efficiency of metalized propellant. 
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