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Abstract

The effect of coating the aluminum particles with different polymers on the agglomerate characteristics was studied for 6 propellant formulations. All propellants were manufactured using well characterized ingredients and included 18 % Al, 18 % AP 160-315 m, 9 % AP S=6700 cm2/g, 35 % HMX 100-800 m and 20% an energetic binder (polyvinyl tetrazole polymer plasticized with nitroester).

The following Al powders have been used. Commercial non-coated aluminium powder A1 (size D43 ~ 10 m) was chosen as the basic one. The powders A2...A6 were obtained by coating powder A1 with different polymer materials; most of them are fluorine containing: 

A2 - Si[OCH2(CF2-CF2)3H]4 

A3 - Cl2Si[OCH2(CF2-CF2)2H2]2
A4 - (CH2=CH2-O)2Si[OCH2(CF2-CF2)2H2]2
A5 - CH2-C(CH3)(COOCH3) polymethyl methacrylate (PMMA)

A6 - CH2=CF(COOCH3) polymethyl fluorineacrylate (PMFA).

Mass fraction of the coating material in powders A2...A6 did not exceed 1%.

The propellants were fired at pressure about 4.6 MPa with freezing the condensed combustion products near the burning surface via mixing the flow of the combustion products with co-current nitrogen flow blowing through the bomb. The results on size distribution of agglomerates as well as the data on unburned aluminum content in sampled particles are presented.

All propellants have burning rate in the range 1.4-1.6 cm/s and exhibit weak agglomeration trend. It was found that several coating materials slightly reduce the agglomeration intensity via decreasing the agglomerate mass.

Introduction

Agglomeration of metal in the combustion wave of composite propellants as one of the main processes that control the efficiency of aluminum conversion into oxide still remains insufficiently studied problem [1]. It is known that the promising way to modify the metal particles ignition and combustion behavior is the coating of their surface with different materials - oxide, other metal, oxidizer, polymer, etc. [2-6]. For instance, some fluorine-containing polymers provide an increase in the flame propagation velocity for heterogeneous system aluminum particles + gaseous oxidizer [3-4]. There is no detailed information concerning the mechanism of action of the coating. One may suppose that the atomic fluorine released during thermal decomposition of the coating matter reacts with the initial oxide film that usually preserves the aluminum particles against the oxidation. Thus, it is expected that fluorine-containing coating may affect an agglomeration process during combustion of solid propellant containing the coated aluminum via improvement of the flammability of the aluminum powder used in the propellant formulation. Due to great complexity of the physicochemical processes and the lack of the input data it is impossible at present time to predict theoretically the behavior of metal particles under fast heating in the combustion wave and to calculate the agglomerate parameters, i. e. agglomerates mass, their size distribution and extent of conversion of the aluminum into oxide. Therefore, the experiment remains the sole source of necessary information. The objective of the present work was to evaluate particle size distribution and free aluminum content for agglomerate particles formed in the combustion at elevated pressure of AP/HMX based propellants that contained commercial aluminum and aluminum coated with 5 different polymer materials.

Experimental Technique

Propellant formulations

Totally six model propellants have been studied in the present work. All propellants were of the same global formulation (% mass): 9% AP1 S=6700 cm2/g, 18% AP2 D=160(315 m, 35% HMX D>315 m, 18% Al, and 20% energetic binder based on polyvinyl tetrazole polymer plasticized with nitroester [7]. The only difference was the type of aluminum powder used. 

Mixing of the components was performed in the teflon mortar. Firstly, the non-metalized mixture was prepared and divided into portions about 40 g each. Then the aluminum powders with different coating were added to each batch. Aluminum powder A1 was used in the propellant Y1; A2 in Y2; and so forth, see Table 1. To manufacture the A2...A6 powders, the same aluminum A1 coated with different substances was used. Mass fraction of the coating material did not exceed 1%. Curing of cylindrical propellant samples was performed under heating in teflon forms (individual for each sample) with open ends. All samples were cured simultaneously, i. e. at the same temperature regime. These arrangements were done in order to provide the identity of specimen's characteristics. Samples for the firing tests had cylindrical shape with diameter equal approximately 8 mm and length of 17 mm. The values of the propellant density (last column in Table 1) were estimated via measuring the weight and sizes of cured samples.

Table 1. Propellant density and aluminum powder used

Propellant

ID
Aluminum powder
Coating matter


, 

g/cm3

Y1
A1
Commercial non-coated powder "ASD-4" 
1.74(0.02

Y2
A2
Si[OCH2(CF2-CF2)3H]4
1.71(0.01

Y3
A3
Cl2Si[OCH2(CF2-CF2)2H2]2
1.72(0.01

Y4
A4
(CH2=CH2-O)2Si[OCH2(CF2-CF2)2H2]2
1.72(0.05

Y5
A5
CH2-C(CH3)(COOCH3) 
1.72(0.02

Y6
A6
CH2=CF(COOCH3) 
1.70(0.03

Propellant ingredients
All heterogeneous components (AP, HMX, and Al) used in the propellant manufacturing were thoroughly characterized by grain-size. The particle size analysis of each aluminum powder was performed using two techniques: 1) commer-cial automated granulometer Malvern 3600E, and 2) optical microscope. In the case of aluminum A1 the home made Coulter-like conductometric counter was used instead of the microscopic method. In the cases when the Malvern 3600E sizer was employed, a suspension of particles in the carrier liquid was subjected to ultrasound treatment during 30 second before measurement and the mechanical mixer was in action during the measurement procedure. The type of the carrier liquid used in Malvern measurements as well as the particle size distribution data in the form of mean diameters Dmn is presented in Table 2. The analysis of AP and HMX powders was performed using only of two methods depending on the grain size. The error of particle size measurement under use of optical microscope can be estimated as a half histogram size interval. This value was equal 0.5 m for all studied aluminum powders and 17 m for AP2 and HMX powders. 

The size measurement results obtained with different methods for aluminum powders are in a good agreement. The only exclusion is the case of aluminum A5 that is caused by secondary coagulation of the particles in the carrier liquid observed for this powder. All aluminum powders have similar particle size distribution. This fact indicates that there is no aggregation of the particles after coating. The chemical analysis shows that in all powders A1(A6 the free (metallic) aluminum content is 96.8(98.0 % and the total aluminum content is 98.6(99.8 % that means that the mass fraction of coating matter is small (< 1%). 
Table 2. Mean sizes Dnm (m) for propellant ingredients

Com-ponent
Analysis method,

carrier liquid
D10
D20
D30
D21
D32
D43
D53

A1
Malvern, water+ethanol
4.6
5.1
5.7
5.6
7.3
9.3
10.2

A1
conductometric counter
4.5
5.5
5.3
6.6
5.1
7.9
8.7

A2
Malvern, water+ethanol
4.8
5.2
5.7
5.7
6.8
8.1
8.9

A2
optical microscope
4.5
5.0
5.5
5.6
6.7
7.9
8.4

A3
Malvern, water+ethanol
4.8
5.2
5.6
5.6
6.6
7.9
8.5

A3
optical microscope
4.6
5.1
5.6
5.6
6.8
7.9
8.4

A4
Malvern, water+ethanol
5.5
5.9
6.4
6.4
7.6
8.9
9.5

A4
optical microscope
5.6
6.0
6.5
6.5
7.5
8.4
8.9

A5
Malvern, water+ethanol
6.0
6.7
7.6
7.5
9.5
12.1
13.5

A5
optical microscope
5.4
6.0
6.6
6.7
8.0
9.0
9.4

A6
Malvern, water+ethanol
5.5
6.0
6.6
6.6
8.1
9.9
10.7

A6
optical microscope
4.9
5.6
6.2
6.3
7.8
9.1
9.7

AP1 
Malvern, hexane
4.5
5.4
6.6
6.5
9.6
13.1
14.8

AP2
optical microscope
282
285
288
288
294
301
304

HMX
optical microscope
211
236
264
265
330
402
434

The experimental procedure and data treatment

The original technique for studying the condensed combustion products (CCP) of solid propellants has been described previously [8-10]. It is based on sampling the particles followed by size distribution and chemical analyses. Typical features of the technique are:          1) continuously blowing of a special design bomb with inert gas, 

2) freezing the particles at various distances from the burning surface via mixing the combustion products with inert gas in spatially localized area, 3) catching total amount of the fine oxide particles (using the aerosol filter) and the agglomerates (using the set of wire mesh screens). 

Below we present specific features of approach used in this work.

( Extinction of particles was reached near the burning surface via mixing with co-current flow of nitrogen blowing through the bomb. Nitrogen mass flow was typically 2 g/s that resulted in the gas velocity (directed along propellant specimen from the cold to the hot end) about 1 cm/s. 

( Each experimental series consisted of firing 4 propellant samples with total mass about 5.7 g which were consecutively tested under identical conditions that provided generation of 1.4 g of CCP used for subsequent analyses. The lateral surface of the propellant specimen was inhibited with Solpren®. 

( The thin (~ 1 mm) layer of uncured 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 10 atm. As characteristic pressure in the individual run was taken a half of sum of initial and final pressures. The characteristic pressure and burning rate for given series were taken as arithmetical mean values for characteristic pressure and burning rate in individual runs.

( The nominal mesh sizes of wire screens in the stack installed inside the bomb were 130, 160, 280, and 480 m. 

( The sampled particles were divided into fractions via dry and wet sieving in acetone by using sieves with the mesh sizes 130, 160, 280, 480, 600, and 880 m. The particles caught by the filter were included into the sieve fraction <130 m. All sieved fractions of particles were weighed and subjected to the particle size and chemical (permanganatometric) analyses to determine the free aluminum content [11].

( The fine (D < 130 m) particles were analyzed by Malvern 3600E sizer using acetone as the carrier liquid after 30 seconds treatment with ultrasound and with continuous mechanical mixing of suspension. 

( Particle size analysis for fractions with size D>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 can be treated as an estimate for the accuracy of the data on the mean diameters reported below.

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 calculated functions and parameters 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 and jAl is the mass content of aluminum in the j-th sieve fraction. Index i is omitted below.

Left bound size DL of agglomerates. The whole population of CCP can be treated as consisting of coarse (agglomerate, D>DL) and fine (oxide, D<DL) particles. For propellants under study bound size DL was determined as a local minimum of the mass size distribution function for unburned aluminum f Al(D). Such approach was suggested previously in [10]. Using the function f Al(D) instead of the function f(D) allows determination of the effective bound size DL even for propellants with weak agglomeration because there is the size interval in the range of 20(120 m, where f Al(D)(0. For propellants Y1(Y3 and Y5(Y7 it was found DL=55 m, and for propellant Y4 DL = 24 m. 

Right bound size DR of agglomerates was determined as the right end of the monotonous tail of the f(D) curve normally filled with CCP particles. With D>DR, the most histogram intervals are empty and only some of them contain 1(2 particles. Actually, a limited number (1(8) of the particles with the size greater than DR were excluded from consideration when calculating the integral characteristics for the mass distribution function. The formation of extra large particles in each test is caused by destroying the igniting nichrome wire in the flow of hot combustion products. These particles can be recognized by abnormal high value of their density (= 4(8 g/cm3 instead of = 2.2(3.2 g/cm3 for "normal" agglomerates). Thus, the agglomerate characteristics were calculated in the size range DL<D<DR with DR(Dmax (where Dmax is maximal diameter of sampled particles).

The set of dimensionless integral characteristics of CCP was calculated for fine and agglomerate particles on the basis of experimental mass size distribution functions f(D) and f Al(D). These characteristics are scaled by the total mass of propellant burned, Mprop (for example, mf = Mf/Mprop, where Mf is the mass of fine particles). Calculated parameters are listed below:

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 – total dimensionless mass of CCP,

mAlccp – total dimensionless mass of aluminum in CCP, 

 = mAlccp/mAlprop - total incompleteness of aluminum combustion,

where mAlprop = 0.18 – dimensionless initial mass of aluminum in propellant.

Experimental results 

The intensity of agglomeration process during aluminized propellant combustion can be described by several characteristic parameters which are discussed below. 

The agglomerate size is one of the main parameters that characterizes a consolidation of the aluminum particles in the combustion wave. Mean sizes of agglomerates Dmn are presented in Table 3 along with the burning rate. The propellants Y2 and Y5 have minimal agglomerate sizes. Their values are close to those for propellant Y1 which contains non-coated aluminum.

The points in coordinates {r – D43} are grouped into two sets: propellants Y1, Y2, Y5 and Y4, Y3, Y6, see Fig. 1. 

The mass size distribution functions f(D) for sampled CCP particles corresponding to agglomerate size range 55-600 m are plotted in Figs. 2a and 2b for these propellant groups.

Table 3. Burning rate r at pressure 46 atm and

agglomerate mean size Dmn in the range (DL- DR)

Propellant

ID
r

mm/s
DL - DR

m
D10
m
D20
m
D30
m
D21
m
D32
m
D43
m
D53
m

Y1
15.8
55 - 500
87
90
95
93
105
127
145

Y2
14.8
55 - 525
90
94
99
98
111
133
152

Y3
16.0
55 - 625
156
162
169
167
186
219
242

Y4
16.4
24 - 525
151
155
159
158
168
184
196

Y5
13.9
55 - 650
86
89
95
92
106
140
173

Y6
13.9
55 - 600
138
149
163
161
196
249
280
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Fig. 1. Propellant burning rate and agglomerate mean size.

Analyzing Figs. 2a and 2b one can see that:

· The shape of curves for mass distribution functions in size range 118-300 m is similar. They have maximum in histogram interval 136-153 m and right-side asymmetry. One may assume that the formation of this portion of distribution curve is caused by the propellant geometrical structure, i. e. by size distribution of coarse propellant ingredients AP2 and HMX, through the "pocket" mechanism of agglomeration [12-13]. 

· Propellants Y3 and Y6 have relatively high mass contribution of particles with size D > 300 m as compared with other propellants. It can be attributed to the action of multi-pocket mechanism of agglomeration [14]. Since the propellants under study are differ only in aluminum type, one may suppose the coating matters 3 and 6 produce some additional aggregation of aluminum particles that increases their agglomeration in the combustion wave.

Distinguishing feature of mass distribution function for propellants Y1, Y2, Y5 as compared with Y3, Y4, Y6 is heavy filling the size interval 55-118 m. It means that the mass of particles is re-distributed from the size range 118-300 m to the size range 55-118 m that results in decrease of the mean sizes. It permits to divide the propellants onto two groups. In other words in the case of propellant group Y1, Y2, Y5 there is considerable proportion of agglomerates that formed inside the pocket but accumulate only part of aluminum contained within the pocket ("under-pocket" mechanism).
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Fig. 2. 

Mass size distribution function for agglomerates sampled at pressure 46 atm.

a) Propellants Y1, Y2, Y5.   b) Propellants Y3, Y4, Y6.

Let us consider now other parameters characterizing the agglomeration intensity – dimensionless agglomerate mass mag that stands for the propellant's tendency to form a slag residue in the motor chamber, and incompleteness of the aluminum combustion  that stands for the propellant's capability to release a heat during aluminum conversion into oxide, see Table 4.

Table 4. Integral mass characteristics of CCP and of aluminum in CCP

Propt

ID
mccp
mAlccp
mf
mAlf
mag
mAlag


Y1
0.210
0.006
0.178
0.003
0.030
0.003
0.034

Y2
0.242
0.007
0.214
0.003
0.025
0.003
0.038

Y3
0.236
0.009
0.219
0.005
0.015
0.004
0.048

Y4
0.233
0.007
0.219
0.004
0.012
0.003
0.037

Y5
0.230
0.008
0.201
0.005
0.029
0.003
0.043

Y6
0.240
0.007
0.216
0.004
0.014
0.003
0.040

Indexes: Upper:  Al – aluminum.

Lower:  ccp – total CCP in size range 0.5 m < D <Dmax.
f – fine (oxide) particles in size range 0.5 m < D <DL.
ag – agglomerate particles in size range DL < D <DR.
Note: mccp ( mf +mag and mAlccp ( mAlf +mAlag because of excluding the particles with size D>DR when processing the experimental data.

Figure 3 shows a comparison of agglomerate mass for different propellants. One can see that the agglomerate mass for the propellants Y3, Y6, Y4 is approximately twice less as compared with the reference propellant Y1. Propellant Y4 has minimal value of mag.

Incompleteness of aluminum combustion is plotted in Fig. 4 versus agglomerate mass. Taking into consideration the experimental error one may conclude that the propellants Y4, Y6, Y2 and Y1 have approximately the same aluminum combustion efficiency and it is slightly better than that for the propellants Y3 and Y5. Note that there is no direct correlation between mag and  
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Fig. 3. 

Dimensionless agglomerate mass for propellants under study at P = 46 atm.
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Fig. 4. 

Incompleteness of aluminum combustion vs agglomerate mass (P = 46 atm).

Conclusions

The experimental estimation of the effect of aluminum particle coating on agglomeration parameters in solid propellant combustion has been performed.

The experiments were carried out under fixed experimental conditions: the propellants of given formulation type were tested using sampling technique at pressure 46 atm. Note that the particle size distribution for all coated aluminum powders used in propellant formulations were close to the reference non-coated aluminum powder.

It was found that a variation of only aluminum coating material leads to modification of the combustion characteristics - burning rate, agglomerate size distribution, combustion incompleteness of aluminum. 

For aluminum coated with fluorine containing polymers A3, A4, and A6 the dimensionless agglomerate mass became approximately twice less in value as compared with the reference propellant containing non-coated aluminum. Here A3 is Cl2Si[OCH2(CF2-CF2)2H2]2, A4 is (CH2=CH2-O)2Si[OCH2(CF2-CF2)2H2]2, and A6 is CH2=CF(COOCH3).

Maximal effect was achieved in the case of A4-aluminum. Use of this aluminum also caused the increase in the burning rate (from 14 mm/s to 16.4 mm/s) while another coatings caused decreasing the burning rate. The effect of coatings studied on incompleteness of the aluminum combustion is relatively weak.

The results obtained demonstrate principal possibility for use of the coated aluminum to modify the solid propellant combustion characteristics. One may expect that the effect may become more sizable for the propellant formulations which are characterized with strong agglomeration trend.
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