Evolution of aluminum AGGLOMERATEs moving in COMBUSTION PRODUCTS of MODEL solid PROPELLANT
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ABSTRACT. Based on the use of special propellants that generate model monodisperse agglomerates with given size and structure during combustion, a new approach has been elaborated for reducing the uncertainty in data obtained on agglomerate evolution. The experiments with agglomerates of 400-540 m in size and initial aluminum content 42.6 % were carried out under pressures 10-64 atm. Via direct size and weight measurements and chemical analyses of sampled particles, the following correlation for incompleteness of aluminum combustion (has been found:=2.86t-0.28P-0.20, where mAlmAl0; mAl is the mass of free aluminum in sampled agglomerate and mAl0 is the initial mass of aluminum in agglomerate; t is the residence time for agglomerate in flame of burning sample (20<t<90 ms); P is the pressure (10<P<64 atm). The mass fraction (() of oxide accumulated on the burning agglomerate was found to increase with extent of aluminum conversion ( = 1- as ( = 0.539+0.213(. The agglomerate mass also increases with ( due to oxide accumulation on the burning agglomerate. For calculation of 1) the burning agglomerate motion law and 2) the residence time for agglomerate in the flame, the drag coefficient Cd was assumed in the form Cd=K/Re, where Re is the Reynolds number. K was determined in special experiments on particle trajectory visualization at pressure 1 atm and found to be equal to K= 45(7 for 7<Re<9. 
Introduction

During combustion of most aluminized propellant formulations, aluminum particles may react and merge in a subsurface layer and/or on the burning surface, forming agglomerates, which then burn in the gas phase1. Agglomeration of metal in combustion wave is one of the main processes that control the efficiency of aluminum conversion. Note that in calculations of the energy release, the rate of metal consumption is of major importance, while in calculations of two-phase flow the mass and size of agglomerates each play a crucial role. For prediction of temporal behavior of burning agglomerate parameters such as mass, size and aluminum content, there are no comprehensive theoretical models, and this problem is made worse by the lack of experimental information on these parameters.

Among the different experimental approaches used for studying the agglomerate behavior, one of the most informative is the sampling technique, as it provides reliable data on size distribution and chemical composition of agglomerates. However, in the past only a few works have dealt with the agglomerate evolution during their motion away from the burning surface (see Ref. 2). In fact, an interpretation of sampling data from the point of view of macro kinetics of aluminum combustion meets serious difficulties. These difficulties are discussed in Ref. 3 and can briefly be summarized as follows.

The agglomerate's population has a broad range of sizes because of the statistical nature of the process of their formation. The motion of agglomerates in flame depends on their size, density, and gas flow field. All these parameters may vary depending on prehistory of metal combustion as well as on the local burning rate and on the composition of local gaseous combustion products. The distinctive feature of aluminum combustion is that the accumulation of condensed oxide on the surface of burning particle affects the agglomerate motion and evolution. Actually, the residence time for burning agglomerates in flame could not be calculated precisely because of uncertainty in drag coefficient value. Therefore, it is practically impossible to derive macro-kinetic data for individual agglomerate within a large number of sampled particles. 

As a result of analysis performed in Ref. 3, a novel experimental approach has been suggested to diminish uncertainty in experimental data induced by the previously mentioned reasons. The approach is based on experimentation with special design model propellants generating monodisperse agglomerates of specific structure that burn in combustion gases of a given composition. Use of such propellant allows one to more accurately determine the particle motion law and the residence time for particles in flame, a basic parameter in agglomerate evolution behavior. The present work is the first attempt to realize the proposed approach. The study of agglomerate motion has been performed via the visualization method while study of agglomerate evolution has been performed using the sampling technique.

Model propellant generating the monodisperse agglomerates

In accordance with the original idea, the propellant under study consists of a non-metalized matrix filled with a finite number of metalized macro elements. The matrix can be considered as homogenized because only small grain size ingredients (D30 < 7 m for all) are used for its manufacturing. Use of an homogenized matrix allows one to eliminate the jet stream pattern of gaseous combustion products flow and provides closeness of their characteristics to the thermodynamic calculated ones. The thermodynamic calculation data were taken into account when choosing the matrix formulation to maximize its burning temperature. 

The material for inserted macro elements named as metalized inclusions (MI) was intentionally chosen to be similar to the pocket matter in real propellant; that is, it closely corresponds to local composition in space between coarse oxidizer grains in real propellant. In particular, the material for MI includes fine AP. The composition of propellant components is presented in Table 1. The energetic binder is based on butadiene nitryl rubber plastisized with DEGDN The macro elements were previously prepared by cutting the cured heavy metalized propellant using specially designed devices. During specimen burning, each inclusion transforms in the combustion wave into a single agglomerate whose size is determined by the initial size and composition of macro element. Fortunately, it turned out that fine AP facilitated an ignition of MI in a very effective way so that most agglomerates ignited on the burning surface. It should be noted that the better the uniformity of initial MI, the more monodisperse agglomerates are formed during combustion of the specimen.

DRAG LAW coefficient evaluation for burning agglomerates

Specimens and Experimental Set-Up

A schematic of the specimen for visualization experiments is shown in Fig. 1. A specimen body consists of a non-metalized propellant matrix. Along the central axis of the specimen the insertion plate is mounted. It represents a slab of cured non-metalized matrix with 5-7 MI of cylindrical shape, and with diameter and height of 500 m each. The distances between inclusions were measured beforehand. On the top of the protruding insertion plate, a reference mark (hole) was made that would allow calculation of the location of each inclusion in the bulk of specimen. The sample was assembled in a bottomed quartz tube with height and inner diameter of 10 mm and wall thickness of 1 mm. 

The motion of the burning model monodisperse agglomerates formed from MI was recorded using an industrial CCD B/W video camera “Chiper” model CPT-8260P/LS1 (25 frames per second) via an optical scheme including a set of color filters and mechanical modulator. Filters reduced self-illumination of the flame at wavelength exceeding 390 nm. The modulator – slotted disc – provided intermitted registration of the burning particle with a frequency of 320 Hz (exposure time 0.5 ms). The visualized field of view with dimensions 21(16 mm2 was localized at the flush of the sample holder quartz tube. The recorded particle trajectories were located in the flow core of gaseous combustion products, i. e. in the flame of the non-metalized matrix. All experiments have been performed at room temperature conditions under air pressure of 1 atm, the vector of gravity force coinciding with particle motion direction. An example of the video record of burning particle is presented in Fig. 2. The distance between neighboring particle images has been used to determine the actual value of particle velocity. The relative error of the distance determination did not exceed 5%.
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Experimental Data Treatment and Results

The video records were used for determining consecutive locations in time of burning agglomerates. These input data were employed in an original computer code developed for optimization of the drag law parameters for burning particles in the model propellant flame. 

The input data represented coordinates of burning particles, assuming that the diameter of the particle remains constant and the time interval between each of the two neighbor images is identical. The dependence of the drag coefficient on Re was assumed in the simplest form: CD=K/Re, where K is the matched parameter6. The Reyholds number magnitude vas calculated by Re = gD |Vg  - Vp |g-1 where thermophysical parameters of gas (density, g, and viscosity, g) were estimated according to equilibrium code and velocity of gas Vg was calculated on the basis of mass conservation equation. The agglomerate velocity Vp was taken from the video records and its diameter was assumed equal to that for sampled particles. The best value of K was determined as delivering the minimum of functional Ф
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in space of variables {K ,x0j, t0j} for a given set of experimental data j=1,…,N. Here N is the total number of MI fired in a given test run, nj is the number of trajectory images of j-th agglomerate on the record, and Xij and xij are experimental and calculated i-th coordinate of j-th agglomerate. It is assumed that four independent parameters determine the particle motion behavior – burning rate of the matrix and the temperature, molar mass, and the viscosity of gaseous combustion products. Needed thermodynamic data were obtained via equilibrium code ASTRA-3. Local and mean burning rates were determined from the video records on the basis of initial coordinates of MI and instant of their appearance in record. 

By using the described procedure, the optimal value of K in the expression CD=K/Re was found in the range 38-52 when Re varied in the range 7-9. It is interesting to note that the best fit (minimum ) has been obtained when assuming finite (up to 20-50 cm/s) initial velocity V0 of particles. The values K=45, V0=0.4 m/s were used in the residence time calculations for model agglomerates in sampling experiments.

Evolution of MODEL AGGLOMERATEs in COMBUSTION PRODUCTS
Experimental Procedure

The original sampling technique4 was used to investigate the model agglomerate evolution. Briefly, when a small size propellant specimen burns in the blow-through bomb, the condensed combustion products are quenched, due to mixing with inert gas, and trapped with wire mesh screens and an aerosol filter installed in the gas outlet. The specific features of the approach used in this work are listed below.

· A single-wire screen with nominal mesh size 130 m was used instead of the stack of screens. The agglomerates captured by the screen during the test were photographed using a projection scanner "Uniscan" (Russia) for subsequent size distribution measurement with an accuracy of 15-30 m (estimated as a half of the histogram sub-range). The density of the agglomerate particles was determined by weighing a finite number of particles and using their mean size D30.

· Chemical analysis was carried out for each individual run by the permanganatometric method5 which was slightly modified in order to allow the unburned aluminum content in small mass probe to be determined.

· Five types of firing geometry were used to provide different residence time for particles in flame. For this end, two different propellant sample diameters (7 mm and 12 mm, which varied the length of the mixing area) and three length of protective tube (28 mm, 56 mm, and 98 mm) were employed, allowing variation of the residence time of particles in flame in the range 20-90 ms. The sample holder cups and protective tubes were made of Plexiglas with the same inner diameter (equaled to the sample diameter), see Fig. 3.

· The particle motion was calculated using original 2D computer code and the drag law determined experimentally in the present work. The parameters needed for gaseous combustion products of non-metalized matrix (flame temperature, viscosity, molar mass and heat capacity) were obtained for each test run via equilibrium calculations using code ASTRA-3, taking into account the Plexiglas mass actually burned together with the propellant sample. The mass of burned Plexiglas was measured as the difference between the mass of "mounting cup + protective tube" before and after the run. This mass depends essentially on the tube length and pressure. In the case of a long tube, the burning of Plexiglas lowers the calculated flame temperature from 3000 K to 1700K.

Each sample for testing consisted of a non-cured matrix with carefully selected and counted MIs (usually 60-120 in number) inserted. These "agglomerate seeds" have a cubic shape the size of a rib about 500 m and weight about 0.2 mg each. The summary mass fraction of MI was 1.2-3%; this allowed us to assume that the composition of the gaseous combustion products was not changed as a result of the agglomerate combustion. To guarantee the ignition of MIs, they were placed in the matrix bulk no closer than 1 mm from the sample holder cup walls, bottom, and the open butt-end of sample. The bomb was pressurized with nitrogen (10-64 atm). The residence time for agglomerate in flame is calculated as the time of motion from starting point in the bulk of matrix to the cone surface corresponding to the mixing of combustion products with environmental gas, see Fig. 3. 
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Residence Time Calculation and Data Treatment

The important part of experimental data treatment is the calculation of particles residence time in gaseous products of propellant combustion before quenching. The procedure for calculating the residence time includes following 5 steps:
Step 1. Equilibrium code calculation of parameters of gaseous products at given pressure. 

Step 2. Calculation of the characteristic length of mixing, or initial mixing area length Lmix, see Fig 3, by the formula for turbulent co-current coaxial streams taking into consideration the difference in the temperature and density of mixing gases7. 

Step 3. Calculation of the gas flow field using original computer code. The results are stationary axis-symmetrical fields of temperature, blowing nitrogen and combustion products concentrations and velocities in the bomb interior. The combustion product gas source was assumed to be placed at the bottom of the sample holder. 

Step 4. Calculation of the particle motion for each individual run in determined by step 3 gas flow field using the particle diameter and density taken from experiment, modified Stokes law (CD=45/Re, V0=0.4 m/s), and parameters of gaseous combustion products taken from Step 1. The particle trajectories were calculated for four characteristic starting points of agglomerates in the volume of sample. The coordinates (radius R and distance h) of these points are as follows: for point 1 (R=0, h=Ltube + hholder – 1 mm); for point 2 (R=0, Ltube + 1 mm), for point 3 (R=Rtube – 1 mm, h= Ltube + hholder – 1 mm), for point 4 (R= Rtube – 1 mm, h= Ltube + hholder – 1 mm), where Ltube and Rtube are the length and radius of protective tube and hholder is the depth of sample holder cylinder. It was assumed that the residence time of particles in flame equals the time which particle spends passing a distance from its starting point to the crossing the cone surface that corresponds to initial mixing area (the cone’s height equals Lmix calculated in Step 2). The procedure is illustrated by Fig. 3. 

Step 5. Averaging the residence times or particles starting from characteristic points 1-4 by the formula tmean=(t1+t2+2t3+2t4)/6. This formula takes into account the fact that particles, which started from infinitely thin ring with given (R, h), have equal residence time. It was obtained via procedure of integrating over sample volume under assumption that the inserted MI are initially distributed uniformly within the central volume (position 6 in Fig. 3) of specimen. Further, when talking about residence time, we will omit the subscript “mean”.

Thus, the residence time calculations were performed under following assumptions:

· stationary flow fields for temperature, concentrations and velocities;

· gas source placed at the bottom of cup – sample holder;

· the viscosity of gaseous products corresponds to flame temperature;

· end point corresponds to intersection of trajectory and cone surface.

The following definitions, designations and formulae are used in treatment of the results obtained in particle size and chemical analysis:

N = number of cubic metalized inclusions (MI) in sample;

m0 = mean mass of single MI in sample, m0 = (total mass of MI in sample)/N;

%Al0 = initial mass fraction of aluminum in MI, %Al0 = 42.6%;

%MI = mass content of MI in super heterogeneous propellant sample;

%Al = mass fraction of unburned aluminum in sampled agglomerates;

m = mean agglomerate mass, m=(total mass of sampled agglomerates)/N;

mAl = mass of unburned aluminum in sampled agglomerate, mAl = m([%Al/100%];

mAl0 = initial mass of aluminum in MI, mAl0 = m0([%Al0/100%];

mAlb = mass of aluminum consumed, mAlb = mAl0 - mAl;

 = incompleteness of aluminum combustion,  mAl mAl0;

( = (1- - extent of aluminum conversion, ( (mAl0 - mAl) mAl0 = mAlb / mAl0;

moxexp = expected mass of oxide forming in course of combustion of mass of aluminum mAlb, 

             moxexp = (100/54) mAlb; 

moxag = mass of oxide in agglomerate, moxag = m - mAl;

(= mass fraction of oxide accumulated on agglomerate, ( = moxag / moxexp;

Dmn = characteristic mean diameter of sampled agglomerates;

= density of agglomerate.

t = calculated mean residence time of agglomerates in combustion products before extinction. 

The set of experimental data for each test contains the combustion conditions (pressure and test geometry), the propellant specimen formulation specification (m0, N, %MI), sampled agglomerate characteristics (Dmn, (, m, %Al, (, (, and calculated residence time for agglomerates burning in the combustion products (t). The instrumental error of determining the unburned aluminum content in agglomerates amounts ~15 relative percent, other typical errors are D ~15-30 m, ~ 0.2-0.3 g/cm3. It should be noted that the size distribution for sampled agglomerate population is practically monodisperse in each test. In particular, the difference between mean sizes D10 and D53 is less than accuracy of size measurement. Tedious selecting the MI pieces before inserting into sample provides such result. However, the agglomerate size slightly differs from run to run. Real variation of sampled agglomerate size and density was within the range D = 400-540 m and ( =2.3-2.8 g/cm3. When treating experimental data, we neglect size distribution of agglomerates. Nevertheless, calculation of residence time of agglomerates was made based on real parameters (Dmn, (, m) of agglomerates realized in given test.

Macrokinetics of metal consumption

The experimental data available can be treated from the point of view of the metal consumption kinetics that is important for calculation of total heat release in combustion. Experimentally determined mass of unburned aluminum in sampled agglomerates gives a measure for the combustion incompleteness: 

( = mAl/m0Al. In our experiments only pressure and agglomerate residence time effect this value. Analysis of experimental data allowed construction the following approximate expression for (, with dependence of t and P: 
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, where 20<t<90 ms and 10<P<64 atm.

Temporal Evolution of accumulated oxide mass and agglomerate mass

It is known that the burning aluminum particles and aluminum agglomerates exhibit unusual (in comparison with hydrocarbon droplets) behavior because oxide is formed in the condensed state and partially accumulates on particle. There are questions which still have no clear answer: What is the law of agglomerate mass time evolution (increase, decrease, or neutral form); and is it possible for metal combustion to cease due to accumulation of large portion of oxide? Both aspects are very important for estimation of motor performance. Temporal evolution of agglomerate mass determines the two phase flow characteristics and slag formation in rocket motor chamber, aluminum combustion completeness determines in general the efficiency of metal use in propellant formulation. 

The analysis of the results obtained in experiments with well characterized conditions is helpful in this respect. Figure 4 presents a dependence of (, i. e. oxide fraction accumulated on agglomerate, versus magnitude of extent of aluminum conversion (. It is seen that the amount of accumulated oxide is relatively high ((=0.4-0.85) and slightly increases with extent of aluminum conversion. 
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Fig. 4. Mass fraction of oxide accumulated on the burning agglomerate vs extent of aluminum conversion.
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Fig. 5. Agglomerate mass vs extent of aluminum conversion

Figure 5 presents the agglomerate mass dependence on extent of aluminum conversion (. The mass variation is described by the ratio of current and initial mass m/m0. Note that linear fitting the data, when extrapolated to the minimal degree of metal conversion ((=0), gives the value m/m0=0.46 that close to initial aluminum content in the material used for preparing MI (42.6%). In other words, the agglomerate mass slightly increases with extent of the aluminum conversion and its evolution starts from m=0.46(m0 but not from m=m0. This means that original MI are subjected in combustion wave first to pyrolysis of binder and AP particles (similar to that during volatile components release from coal) and then aluminum particles start to merge, melt and ignite. 

DISCUSSION 

Published in the literature data on drag law for burning particles are scanty and discrepant. The obtained value of coefficient to calculate CD=45/Re is close to the known results for burning coal particles and differs significantly of those corresponding to the burning liquid fuel drops and of coefficient accepted for aluminum particle motion in solid rocket motors. It is reasonable to assume that the burning agglomerates have some additional "windage" due to the halo surrounding the particle. This results in excessive drag of the flying agglomerate. Let discuss now the velocity profile for the burning agglomerate. It is known that direct visualization of particle motion immediately after detachment from the burning surface is rather difficult technical problem. Therefore, the real law of particle motion in the close vicinity of the burning surface is not known and the value of initial particle velocity (V0=0.4 m/s) derived from the coordinate-time fitting procedure should be treated as "matching coefficient". From physical consideration, one may assume that at the moment of ignition of agglomerate at the burning surface the enhanced local gas release provides higher drag force (higher acceleration) that the force induced by the gas flow at relatively long distance from the burning surface where all flamejets are averaged. Unfortunately the data were obtained in a narrow range of Reynolds number. To vary this parameter we plan to perform the experiments on smaller agglomerate size and under elevated pressure. The pressure factor is important also regarding to the combustion intensity and relative size of halo burning agglomerate. 

There are no data available in literature on macro kinetics of metal consumption in the form of correlation 
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obtained in a restricted size range (D(const). For example, when modeling the solid propellant flow field8, the combustion of aluminum droplets is considered on the basis of Hermsen's model in which the mass depletion rate of aluminum (P 0.27D -1.8. The difference in combustion behavior between pure aluminum particle and agglomerate is a matter for argument. If one ignores this circumstance, then one should expect that exponent to the power P in our correlation is the function of particle size. 

According to experimental data, the mass fraction (( ) of oxide accumulated on the burning agglomerate is in the range 0.4-0.85. The following correlation was established: ((()=0.54+0.213(.. The compatible data are published in Ref. 9. However, the data of Ref. 9 were obtained in different experimental conditions: under microgravity and for combustion of pure aluminum particles under model oxidizing media (mixture O2 + N2, mixture O2 + Ar, and CO2). Actually, the duration of experiments in Ref. 9 was enough long (>0.5 s) that guaranteed full consumption of aluminum. Correspondingly, the value of ( was obtained via measurement of residual oxide mass. For 350 m particles burning in the mixture 0.2O2 + 0.8N2, the final oxide mass fraction was found to be equal to 0.53-0.89 when pressure changed from 10 atm to 60 atm. These results are close to those obtained in present work in spite of difference in experimental conditions. 

Thus, the fraction ( of accumulated oxide increases with extent of aluminum conversion and pressure. At the same time it is known that for most propellants the mass of "smoke" oxide, i. e. dispersed oxide particles in gas stream, increases with aluminum-combustion completeness. Does this fact contradict the observed behavior of the fraction of oxide deposited on agglomerate with aluminum conversion extent ((((? The answer is “no”. Detailed calculations based on experimental data showed that both amounts of aluminum oxide – accumulated on agglomerate surface and leaving the surface – increased with extent of aluminum conversion. 

The following dependence of the agglomerate density on aluminum content was determined in the present work: =2.63-0.0029([%Al], through full set of experimental data, where [%Al]=20-65%. Extrapolated density at zero aluminum content correlates well with that determined under microgravity conditions9 for oxide residue (=2.6 g/cm3 for mixture 0.2O2 + 0.8N2 in pressure range 20-60 atm). 

The data presented in Fig. 5 show that the mass of burning agglomerate may increase with time due to oxide accumulation. However, it should be stressed that sampling technique used allowed us to study the agglomerate behavior only in range residence time 20-90 ms. Complete burn out of aluminum from agglomerate takes much longer time for the size particles utilized in this study. The time of aluminum combustion for 350 m particle was about 520 ms9. Therefore, the hypothetical possibility of quenching of agglomerate by accumulated oxide is still open for argument. 

To conclude, the approach proposed allowed to obtain valuable information on agglomerate motion and evolution that can be useful in future analysis of data on real polydisperse agglomerate populations. Above reported first results have been obtained for only one propellant formulation (%Al0 = 42.6%) and in the limited range of parameters: D = 400-540 m, P = 10-64 atm, t=20-90 ms. The work should be continued with various propellant formulations and different sizes of agglomerates. 
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Fig. 1. Sketch of specimen for visualization of moving agglomerates. The slab, made of cured non-metalized matrix and containing MI, is inserted into the bulk of propellant so that the MI are placed along specimen axis. 
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axis of specimen;�
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Table 1


Matrix and Metalized Inclusion Formulations 


Ingredient, % mass.�
Matrix�
MI�
�
Energetic binder�
27�
42.6�
�
Al�
-�
42.6�
�
AP�
34�
14.8�
�
HMX�
39�
-�
�
Density, g/cm3�
1.71�
1.74�
�






Fig. 2. Video record of agglomerate trajectory in flame (modulation frequency 320 Hz, exposure time 0.5 ms). g stands for gravity vector. The flush of the quartz tube corresponds to zero x-coordinate.











Fig. 3. Test geometry.
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