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Metal agglomeration is a key factor a¨ecting the performance of metal-
ized solid propellant rockets since many of the mechanisms that degrade
speci¦c impulse can be ascribed to metal powder aggregation and ag-
glomeration. Condensed combustion products are generated at or near
the burning surface of the propellant and then released in the gas phase
where they are shaped by the core §ow viscous forces and oxidized by
the reactive environment. On this basis, detailed information about the
size of agglomerates as they are generated from the propellant may im-
prove the knowledge of the core §ow and, thus, the prediction of its
e¨ects (namely, two-phase §ow losses). This topic entails both model-
ing and experimental activities, and the aim of this work is to present
some recent developments achieved at the Space Propulsion Laboratory
in cooperation with other international institutions. The experimental
part shows the application of high-speed and high-resolution imaging of
propellant combustion for automated measurement of particle size ex-
ploited by means of an ad-hoc image processing tool. The modeling
part demonstrates how heterogeneity can explain the agglomeration by
means of a pocket model using spatial statistics and two- (2D) or three-
dimensional (3D) virtual propellants. A de¦nition of a characteristic
time that ¦ts the agglomeration data for tested propellants is suggested,
and a method for predicting the agglomerate size is given. Both activ-
ities are still a matter of research but the maturity level reached so far
permits the application in some practical cases.
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NOMENCLATURE

Symbols

Dagg diameter of agglomerate, μm
d[4,3] mass-weighted mean diameter, μm
L∗ characteristic length, m

p pressure, bar

R radius in 3D agglomeration model, μm
r TPPF distance, μm
t∗agg aggregation characteristic time, s

Acronyms

AP Ammonium Perchlorate

CCP Condensed Combustion Products

CT Computed Tomography

HTPB Hydroxyl Terminated PolyButadiene

MPI Message Passing Interface

PDF Probability Density Function

RGB Red-Green-Blue color space

SOP Smoke Oxide Particles

SRM Solid Rocket Motor

TPPF Two-Point Probability Function

UV UltraViolet

1 INTRODUCTION

Metal agglomeration is of primary importance for solid rocket propellant perfor-

mance. The coalescence of the initial metal aggregates emerging at the burning

surface and their subsequent in§ammation eventually produces spherical agglom-

erates of molten material at or near the burning surface. These fused drops, made

of metal and their oxides, enter the core §ow of the rocket and move towards the

nozzle, in§uencing the e©ciency of the combustion chamber and of the nozzle.

An AGARD workgroup (PEP WG-17) addressed the problem of evaluating ac-

tual performance of solid propellant rockets, and in their ¦nal report observed

that about one third of the total speci¦c impulse losses could be related to the

presence of a two-phase §ow inside the nozzle. Condensed mass fraction and size

of the particles suspended in the nozzle §ow were found to be relevant quanti-

ties for performance decrease, attributed to the thermal and velocity lag of the

particles exhausted by the rocket [1, 2].

Detailed quanti¦cation of CCP (condensed combustion products) delivered

from a propellant and injected inside a combustion chamber can be useful for the

82



SOLID ROCKET PROPULSION

purpose of performance prediction. Information about particulate size can be re-

trieved through the collection of exhausted condensed products from the nozzle,

correlated with rocket con¦gurations and propellants as done by Hermsen [1].

Though this technique works for real rocket con¦gurations and correlations be-

tween motor parameters and performance can be drawn, the original size dis-

tribution of particles leaving the propellant is still unknown by virtue of a con-

tinuous chemical and physical evolution whilst CCP travel within the hot and

reactive core §ow. This includes aluminum combustion and drop merging (con-

vergent region) or breaking (divergent region).

Since it is not possible to infer any precise information about the original

CCP size from the exhaust, speci¦c measurements or modeling theories were

proposed in the literature. Considerable work was carried on by Babuk et al. in

the ¦eld of experimental collection techniques as well as in agglomeration model-

ing. Using a quenching plate or a liquid quenching pool, placed in the proximity

of burning samples, CCP were promptly extinguished, accumulated, and made

available to postcombustion analysis (measurement through laser granulometry,

chemical analysis, or morphology [3]). Notwithstanding the validity of the tech-

nique for a complete analysis of the agglomerates, the method is intrusive and

may alter some quality of the particles (shape, diameter, composition).

The experimental procedures to determine the size of CCP as close as possible

to the burning surface can appeal to visualization techniques recently developed

and to the ease of digital data handling. Using a high-speed and high-resolution

videocamera coupled with an appropriate lighting system and a magni¦cation

apparatus, a population of particles can be captured and immobilized in a se-

ries of high-quality images, allowing nonintrusive measurements. The number of

samples measured per propellant should be enough to ensure the reproducibility

of results across di¨erent runs. Final outputs are the statistical descriptors of

particle population.

Also, for modeling analysis and agglomerate size prediction, several pathways

are explored at present, ranging from physical simulation to statistics. Solid

propellants are heterogeneous materials, and statistics are capable of retriev-

ing average descriptive features from the analysis of a bulk. Initial dataset for

this kind of analysis consists of particle locations inside a sample of propellant,

large enough to be representative. Real volumetric information can be obtained

through X-ray microtomographic scans. Although, it is possible to generate

a propellant numerical mockup through a technique of simulated particle pack-

ing, statistically equivalent to realistic conditions and conveniently fast, also for

data processing.

The present paper works out a joint application of both experimental and

modeling techniques for agglomerate characterization and prediction. Relying on

high-speed and high-resolution visualizations, a consistent set of data was ob-

tained from real propellants burning under known conditions. The CCP particle

distributions were postprocessed and correlated to propellant microstructures
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through a statistical model. The same set of data was used for the tuning and

validation of agglomeration models based on the statistical interpretation of pro-

pellant heterogeneous microstructures.

2 AGGLOMERATION

Combustion of aluminized composite propellants generates CCP of di¨erent

sizes, covering a range of particles from submicrometric up to hundreds of mi-

crons in diameter. In general, the literature refers to two distinct categories of

CCP, depending on size and source. Micronsized CCP derive from the agglom-

eration, partial combustion and ¦nal release of heated aluminum powders that

reside on a burning surface for the time needed to complete the process, visible

in Fig. 1. The ¦nal size of agglomerates ranges from tens to hundreds of mi-

crons, depending on residence times, formulation, burning rate, and combustion

pressure. Agglomerates are burning particles of spherical shape, mainly consti-

tuted of molten Aluminum (Al), a cap of Alumina (Al2O3), and elements derived

from the partial pyrolysis of binder. Leaving the burning surface, combustion

of agglomerates progresses in the core §ow of the rocket. Submicrometric CCP,

referred to as smoke oxide particles (SOP), mainly come from the combustion of

aluminum particles and agglomerates sustained by species di¨usion around the

metal drop [4]. Incomplete combustion of metal agglomerates may be promoted

by a limited residence time in the combustion chamber, a small characteristic

length L∗, low burning rate, or low combustion temperature, thus loosing the

corresponding fraction of combustion enthalpy. In view of it, using the Beck-

stead£s model in order to evaluate aluminum combustion time, it is possible to

assume that rocket boosters used to equip large launch vehicles (e. g., Ariane 5

SRMs or VEGA P80) usually allow complete oxidation of metal fuel [5].

Figure 1 Agglomeration sequence in a AP/HTPB/Al propellant burning at 750 mbar
(courtesy of G. Colombo, SPLab, Politecnico di Milano, Italy)
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Within the class of standard composite rocket propellants, the agglomeration

process takes place according to mechanisms mainly controlled by the coarse

grains of ammonium perchlorate (AP) which draw a 3D random microstructure

inside the bulk of a propellant. Bounded by the coarse AP particles, fuel-rich

regions (called pockets) containing binder, aluminum, and ¦ne oxidizer favor

the generation of agglomerates. These regions are connected to each other by

small strips of binder and aluminum powder (interpocket bridges). Trapped in

this structure, aluminum particles move on the burning surface where a fraction

of metal powder coalesces into larger clots under a variety of entraining and

adhering forces. Here, aggregates are generated. Once exposed to the §ame

zone, subsequent in§ammation occurs for both single and grouped particles, thus

transforming aggregates into agglomerates. The ¦nal size of the agglomerates is

strongly in§uenced by the residence time of the metal powders on the surface.

In case of propellants containing micrometric aluminum powders, fast- and slow-

burning conditions should generate di¨erent scenarios as described in [3, 4, 6].

In the former conditions, the reduced residence time results in the so-called

subpocket agglomeration that generates more agglomerates from one original

pocket. In the latter conditions, the increased residence time can promote the

merging of many agglomerates before detachment from the surface.

3 EXPERIMENTAL TECHNIQUE

Relevant to agglomeration, the collection of a reliable set of data is fundamental

in the de¦nition, validation, and tuning of a model. A consistent dataset should

rely on consolidated measurement techniques, looking over a population of rep-

resentative samples large enough to grant reproducible sets of data. According

to previous experiences, 100 samples represent a minimum quantity. In order

to connect the microstructure of a propellant to agglomerates generated, exper-

imental analysis should focus on CCP just after the release from the burning

surface. This rapid analysis should consider particles before any sort of mod-

i¦cation due to the interaction with the core §ow (of both chemical and §uid

dynamic nature). For this reason, an optical technique for CCP measurement

was implemented and optimized.

The agglomeration process was explored experimentally by measuring the

size of CCP as a function of formulation and pressure over a range, for the time

being, between 5 and 25 bar, in a closed vessel of about 2 l of volume ¦lled

with nitrogen gas. The upper pressure bound is a constraint imposed by the

measurement technique. In fact, both propellant burning rate and mass §ow

rate of combustion products grow with pressure; agglomerates are smaller and

their speed increases accordingly. Under these conditions, higher shutter speed

is required but lighting conditions worsen.
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Figure 2 True colors (a) and red layer minus blue layer (b). (Refer color plate,

p. 86.)

Visualization of the combustion process was performed by means of a high-

speed camera and a long-range microscope focused at least 5 mm below the ig-

nition section. The experimentalist measured the agglomerates one-by-one from

a selection of frames containing well de¦ned items. Despite the method was

operator-dependent, the reproducibility of measurements was tested by compar-

ing the analyses performed by di¨erent people over the same sets of visualiza-

tions.

An attempt to create an automatic algorithm for agglomerates detection and

size measurement has been made and is presented in this study. The objectives

of this image processing were fast measurements and reliable statistics. The

automatic particle sizing application relied on ImageJ, a free image processing

software working under JAVATM platform, supported by the National Institute

of Health (NIH) of the United States [7]. The software may be easily extended

by writing new algorithms with two di¨erent programming languages: Script

or JAVA. The former uses ImageJ integrated functions whereas JAVA allows

for low level programming. For this work, the programming language Script,

with integrated functions and algorithms, was su©cient to meet the objectives.

In conjunction with the algorithm development, optimal parameters of video

acquisition were chosen to feed the software with images of better quality than

in the past.

The software searches for agglomerates within a user-de¦ned area of interest

located just above the burning surface. The main challenge with this kind of

image processing consists of removing with precision the tail that surrounds the

agglomerates during their path inside the gas phase. An e©cient method takes

advantage of the characteristics of emitted light since aluminum combustion

emits in the near UV spectrum. The tail is erased through a subtraction of the

blue layer from the red one in the color space which gives the results shown in

Fig. 2.

Being the ratio of ¤red/blue¥ light intensity higher in the particle than in the

tail, the operation of subtraction clears the particles almost completely. After
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Figure 3 Application of watershed algorithm: (a) segmented picture with watershed;
and (b) merged areas from mathematical morphology

this preparation, a watershed algo-

Figure 4 Detected particles

Figure 5 Detection results. (Refer color

plate, p. 87.)

rithm is applied to the picture

(Fig. 3a) to identify the luminous

clusters [8]. Sometimes, after water-

shed, aluminum and alumina may

not be in the same black area (an

example is visible in the center on

Fig. 3b) misleading the software to

treat as two di¨erent particles. The

correction of the problem can be car-

ried through by mathematical mor-

phology [9], used to merge these two

areas. The result is the black and

white picture reported in Fig. 3b.

Finally, a circularity test on

black areas gives the possibility to

remove small areas (numerical

noise), areas not assimilated to a cir-

cle (§ames or tails not removed),

and areas on the picture edge (wrong

measures).

At this point, the ImageJ tools measures height, width, and perimeter of

aluminum agglomerates detected in Fig. 4. Height and perimeter are not always

reliable because of particle speed or the tail leftovers that may generate the

distortion of particle shape along the vertical direction; so, ¤horizontal diameter¥

is considered to be a more representative characteristic dimension.

For comparison purposes, Fig. 5 shows the results of contour detection done

with this algorithm overlapped to the original RGB image.

It should be noted that this kind of image processing is based on color visual-

ization, with the detection of aluminum particles performed with RGB splitting

and subtraction. Without a color camera, the algorithm does not work.
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As expected, the automated

Figure 6 Statistics of automated (1, 999 val-
ues) and hand-made (2, 100 values) experimen-

tal measurements

procedure could perform a higher

number of measurements in less

time with respect to the fully

manual method. For example,

the automated routine takes

10 min for 1000 values, whilst

manual measurement takes sev-

eral hours for a dataset of 100 val-

ues. Moreover, considerations

about the output data quality

and shape of PDFs (Fig. 6) sug-

gest that the automated algo-

rithm favors the capturing capa-

bility in the range of the small

particles.

Figure 6 shows a comparison between manual and automated measurements.

The similarity between the PDFs is encouraging since they share both the mea-

sured range of radii and the magnitude trend of the statistical descriptor, ver-

ifying that the automated procedure is consistent with the previous manual

approach. The tests reveal also that automated image processing works cor-

rectly for pressures below 10 bar. At higher pressures, imaging quality decreases

since particles travel at a higher speed. Moreover, a higher number of particles

are present at the same time in the image and the algorithm encounters some

problems of identi¦cation.

4 INVESTIGATION ON MICROSTRUCTURE

The connection between propellant microstructure and agglomerates was ¦rst

identi¦ed in the 1960s by Povinelli and Rosenstein, who contrasted the in§u-

ence of oxidizer size on collected agglomerates [10]. The heterogeneous nature

of propellant was also addressed by several modeling approaches, establishing

the idea of the microstructure dominated by pocket-like regions where agglom-

eration ¦nds a privileged location to take place [11]. In his paper, Cohen also

established some rules for the de¦nition of ¦nal agglomerate size based on local

§ame temperature and encapsulation criteria, disregarding the random nature of

the propellant microstructure. Microstructure and CCP were also investigated

by Russian researchers through recent experimental as well as modeling works.

In particular, Babuk et al. modeled the generation of agglomerates through a de-

tailed physical description of the process but also looked at the aluminum pocket

through a statistical approach [12]. Babuk et al. also made experimental works
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Figure 7 Datasets for the investigation of propellant inner structure [14]: (a) 3D

Micro-CT scan of a nonaluminized propellant (cylinder diameter of 5 mm); and (b) 3D

propellant pack (grey spheres of 400 μm and blue spheres of 30 μm). (Refer color plate,
p. 89.)

of CCP collection and measurement of propellants embedding oxidizers of vary-

ing sizes and providing agglomeration data as a function of the propellant mi-

crostructure [3].

The statistical approach to heterogeneity was supported also by the research

activities of Rashkovskii, who explored the joint use of statistics and packing

codes for the generation of propellant numerical mockups used for agglomeration

modeling [13]. Most of the theoretical studies on heterogeneity were and are

grounded on numerical reconstruction of the microstructure by means of speci¦c

codes, though experimental methods of X-ray microtomography are applicable as

well (Fig. 7) [15, 16]. Actually, the statistical analysis of CT datasets requires the

identi¦cation of the ingredients inside the scanned volume by taking advantage

of di¨erent absorption behavior of X-rays. The use of packing codes overcomes

these problems. Some novel theoretical works can be found in the literature by

Bandera et al. [17], Maggi et al. [18] as well as by Gallier et al. [19]. All of these

references include experimental data used for the validation of agglomeration

models.

Heterogeneous propellant microstructure is investigated through the analy-

sis of 2D discs or 3D spheres. Datasets are numerically generated by packing

applications. The 2D sections come from a disk packer by Bandera [20] and

are used to draw a connection among agglomeration data, burning rate features,

and heterogeneity through a general ¦tting curve. A 3D packer developed at

CSAR [21, 22] is used to produce volumetric information of simulated propellant

packs, then used to explore the functionality of a novel agglomeration model ca-

pable of predicting detailed CCP size distribution. Comparison to experimental

data is provided.
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5 MICROSTRUCTURE AND AGGLOMERATION:

CORRELATION FROM TWO-DIMENSIONAL

STATISTICS

The ¦rst proposed statistical approach to agglomeration analyzes the hetero-

geneity of solid propellants aiming at the de¦nition of a characteristic size of

the pocket structure generated by the coarse oxidizer fraction. In this perspec-

tive, the statistical descriptor known as ¤Two-Point Probability Function¥, can

be applied to characterize the reciprocal position of AP with respect to binder

phase (here, the binder comprises also Al and ¦ne AP). The maximum of this

function represents the highest probability of phase change [23]. On the one

hand, this kind of analysis can be conducted on real propellant sections after

adequate augmentation of contrast which permits facilitated detection of coarse

AP particles, as shown in Fig. 8. On the other hand, numerically generated sec-

tions reported in Fig. 9 reproduce the same propellant of Fig. 8 and may be used

for statistical analysis as well. Aforementioned propellants comprehend 55% of

volume occupation of coarse AP cut.

The numerical propellant sections analyzed in this work have been created

in a pure 2D framework. The generating procedure considers a hard sphere

representing an AP crystal that is cut by several parallel planes, randomly dis-

tributed along the diameter, thus creating circular surfaces of di¨erent radii. The

creation of 2D circular sections progresses till the ratio between the sum of all

generated circles and the total area of the section-to-be is equal to the volumet-

ric occupation of the particles inside the compound. In a similar manner, when

bimodal oxidizer distributions are used, the volume occupied by any single phase

must be reached by surfaces generated from the corresponding phase. Once the

sections have been generated, they are randomly placed inside the domain, one

Figure 8 Detection of AP particles from a propellant section: (a) propellant section;
and (b) AP particles detected
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Figure 9 Two numerical sections generated by a packing code

by one, starting from the biggest disks. At each step of the procedure, parti-

cle overlapping is controlled before the acceptance of one new particle position.

For the purpose of this work, the interest lies in the structure of the propellant

located among the coarse oxidizer particles, since it is in this region that the

population of aggregates/agglomerates undergoes its evolution. On this basis,

the ¦ner fraction of the oxidizer (5 10 μm) is not included in the AP phase. As
a consequence, only two phases are recognized in the created sections: AP phase

(including large AP grains) and binder phase (including HTPB, ¦ne AP, and

metal).

The algorithm for the calculation of a TPPF is based on the construction of a

circular sampling template with radial resolution of 1 μm, tangential resolution
of 10◦, and the condition of periodicity in order to follow the periodic boundary

conditions of the simulated sections. Each statistical curve was formed by forty

thousand random throws of the template. After testing the isotropy of the

sections, the TPPF can be expressed as a function of the distance r only.

Four di¨erent functions have been calculated in this work: AP AP, Binder 

Binder, AP Binder, and Binder AP. The curves for AP AP and Binder Binder,

for r → 0, are equal to the volumetric occupation of the phases in the propellant
compound. The Binder AP and the AP Binder represent the probability that

phase is changed at a given distance from the center of the template and it is

trivially zero for r → 0. The maximum of this curve is the most important

parameter. Keeping in mind the succession of regions ¦lled with binder metal

and coarse oxidizer inside the propellant compound, the maximum of the curves

can be identi¦ed as the maximum probability to step out from a binder region

and move into an oxidizer particle, or vice versa. The location of this maximum,

which will be referred to as the ¤characteristic size,¥ is indicative of the size of

the microstructures that are created inside the compound. Furthermore, it can

be noted that the maximum of these curves is connected with the minimum of

the homogeneous phase curves.
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Figure 10 Two-Point Probability

Functions of numerical (solid curves) and

experimental (dashed curves) sections:

1 ¡ AP AP; 2 ¡ AP Binder; and 3 ¡

Binder Binder

Figure 11 Correlation between char-

acteristic time (t∗agg) and agglomerate
size (Dagg): 1 ¡ experimental; and 2 ¡
power ¦tting

The direct comparison of the TPPF obtained on experimental and numerical

sections is reported in Fig. 10 and shows that the experimental method is not

appropriate for the complete recognition of coarse AP on the test surface.

In fact, when r → 0, the experimental volumetric fraction of AP is clearly un-
derestimated, while the TPPF of numerically-generated sections is correct (40%

for the former and 55% for the latter). When the coarse AP distribution is con-

sidered, ¦ner particles are more di©cult to detect than the larger ones and this

may explain the gap. Moreover, Two-Point Probability curves from the exper-

imental sections feature smoothed shapes and the de¦nition of a characteristic

size becomes impossible. For this reason, the numerical generation of propellant

sections is the most adequate.

The characteristic size de¦ned by the numerical simulations allows comput-

ing a corresponding characteristic time t∗agg, which represents the survival time
of the microstructure because of the combustion advancement: it can be simply

calculated as two times the characteristic size divided by the burning rate. The

characteristic time can be seen as the time available for particles aggregation, and

rises for larger characteristic size of the microstructure or a lower burning rate.

This parameter has been shown to correctly ¦t the mean volumetric diameter of

agglomerate populations for four di¨erent propellants, featured by both bi-modal

and three-modal AP distribution (Fig. 11). Agglomeration data are obtained

with high-speed and high-resolution imaging and the measurement techniques

described above. It can be noted that the correlation between Dagg and t∗agg of
the propellant microstructure can be ¦tted by a power ¦tting Dagg = 2432t

0.95
agg ,

very close to a linear dependence Dagg ≈ 2432t∗agg. The adequacy of this re-
lationship and its possible use for the prediction of agglomerate size based on

starting formulation and burning rate is currently under test at SPLab.
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6 DETAILED DESCRIPTION OF AGGLOMERATES

FROM THREE-DIMENSIONAL STATISTICS

The 3D statistics works for volumetric particle packs of spheres. Given the infor-

mation regarding propellant composition, namely, material fractions and their

mean size, a material representative is generated by arranging a mixture of par-

ticle families, each represented by single size spheres, in a 3D domain by means

of a packing code. Although the use of a sphere as a representative of ingredients

is a simpli¦cation, the actual shapes are similar being space-grade Al of spheri-

cal shape and AP of an ellipsoidal shape. One more simpli¦cation, adopted for

a matter of reducing CPU time, applies to ¦ner oxidizer components which are

homogenized into the binder, provided that the homogenization does not involve

a consistent volume fraction. In any case, the number of items to represent and

pack per family should be statistically signi¦cant and indications from prior re-

search showed that a minimum of one thousand particles is necessary to allow

for convergence of the statistical descriptors. Following up this constraint, four

propellant mockups were generated as listed in Table 1 as a replication of real

compounds. Although the same raw materials are used in all compositions, two

of them (A and B) come from a lab-scale facility and two (C and D) are from an
industrial supplier. Marked di¨erences in AP powder size can be appreciated:

propellants A and D have a similar composition, propellant C has a consistent
fraction of 400 μm AP while propellant B has a single size oxidizer, without any
¦ne component to homogenize into the binder.

The analysis of the packs follows simple criteria of proximity, laying on the

assumption that the agglomeration is likely to involve neighboring metal parti-

cles. After a radius of collection is set at the beginning of the procedure, each

particle is ideally surrounded by a spherical volume that discriminates whether

metal spheres contribute to grow the same agglomerate or not (Fig. 12). In this

sense, all particles within this basin of collection are meant to feed the same ag-

glomerate. The statistical code, written in C++ and parallelized through MPI,

needs the computation of all sphere-to-sphere distances and the comparison to

the threshold radius. At the end of the process, a list of CCP is produced,

one per particle originally present in the pack. The generation follows the rules

stated above, considering that one particle is not dropped as it enters one basin

of collection but is still available to contribute to the basin generated by other

Table 1 Three-dimensional numerical propellant mockups

Raw

material

Number

of particles

AP

400 μm 200 μm 150 μm ¦ne
Al 30 μm Binder

A 500,000 0% 58% 0% 10% 18% 14%

B 300,000 0% 0% 68% 0% 15% 17%

C 650,000 32% 24% 0% 13% 19% 12%

D 500,000 0% 55% 0% 14% 19% 12%
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Figure 12 Threshold radius and collected metal particles for two examples

neighbors. This model relies only on geometric assumptions but retains a pa-

rameter of dependence (the threshold radius of collection) that may be used to

accomplish other kinds of in§uence (for instance, pressure), once a formal con-

nection is provided. As is, the parameter represents the number of e¨ectively

molten particles that merge together and may be connected to the residence

time of metal particles on the burning surface. Currently, this technique does

not operate a full prediction of the agglomeration process and some experimental

information is requested for the choice of the collection radius. Further develop-

ments are currently ongoing in order to overcome this limitation.

Some parametric studies on the formulations of Table 1 are carried out. The

primary interest is posed on the in§uence of the threshold radius on results

and on the robustness of the algorithm, monitoring the variation of both mean

statistical features and the detailed size distribution of the CCP generated by the

analysis (Table 2 and Figs. 13 and 14). It is clear that the heterogeneity heavily

a¨ects the results of the model since agglomerates change size and distribution as

Table 2 Mean statistical features of the agglomerate size distributions generated by
the model mockups

Curve

(Fig. 13)
R, μm Mean, μm d[4,3], μm R, μm Mean, μm d[4,3], μm

(a) Propellant A (b) Propellant B

1 117 127 133 79 82 86

2 136 145 151 96 95 100

3 156 163 170 114 110 114

(c) Propellant C (d) Propellant D

1 166 185 193 124 137 143

2 208 228 236 142 155 162

3 249 274 282 162 174 181

94



SOLID ROCKET PROPULSION

Figure 13 General model tests: PDFs of agglomerates

the threshold radius of collection is varied. The algorithm is robust over a wide

range of the threshold radius supplying results of real-like CCP distributions

but it does not include a combustion model. It follows that the agglomerate size

cannot be lower than the smallest diameter already present in the pack.

At this standpoint experimental datasets of propellant agglomerates are con-

trasted to the size distributions generated by the model. Taking advantage of the

nonintrusive measurement performed by means of high-speed movies, through

manual and automated techniques described in section 3, combustion tests for

propellants of Table 1 were postprocessed and the mean features of the popula-

tions are listed in Table 3.

A couple of sample cases are selected from both experiments and model data,

reporting the relevant PDFs. The mass-weighted mean diameters (d[4,3]) of
Tables 2 and 3 are used to correlate the model case to experimental combustion

pressure.

The matching with experimental data looks considerably good and con¦rms

that the geometric approach based on heterogeneity is adequate with this class of

composite propellants. The interval and the maximum of the curves are well rep-
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Figure 14 Comparison of experimental (1) and model (2) agglomerate PDFs for

speci¦c cases: (a) propellant A, p = 20 bar, R = 136 μm; and (b) propellant B,
p = 10 bar, R = 96 μm

Table 3 Agglomeration data from experimental combustion tests

p, bar Mean, μm d[4,3], μm p, bar Mean, μm d[4,3], μm

(a) Propellant A (b) Propellant B

5 175 192 5 98 114

10 154 175 10 87 98

20 136 155 20 67 78

25 129 146 25 N.A. N.A.

(c) Propellant C (d) Propellant D

5 216 346 5 175 254

10 156 248 10 120 181

20 N.A. N.A. 20 82 151

25 96 177 25 75 141

resented as well as for the range of CCP. Based on these experimental data, the

model overestimates the central part of the distribution, while a lower smoothing

feature is observed on the sides of the curve. Especially for propellant B, where
experimental data of higher quality are available, the model comes closer to the

real data, reproducing quite well the steepness of the central peak. On the other

hand, the algorithm is capable of producing only monomodal populations, as

visible from the general test run in the previous pages, and captures only the

main peak of agglomerate size, dropping the smaller fractions.

7 CONCLUDING REMARKS

This work addressed propellant metal particle agglomeration from experimental

and modeling viewpoints, aiming at the description of some modern methods to
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deal with characterization, interpretation, and size prediction of CCP as they are

released from the burning surface. In fact, as CCP lift from the burning surface,

they are not yet subjected to the environmental constraints that modify size and

composition. This data can be useful not only to foster a better understanding

of metal combustion inside rocket chambers but also as input for multiphase core

§ow simulations.

In the ¦rst part of the work, the implementation and the results of an au-

tomated postprocessing tool speci¦c for agglomeration measurement were de-

scribed. The software was an extension of an application available under public

domain license and was applied to process high-speed and high-resolution imag-

ing acquisitions. Automated and consolidated manual techniques were compared

showing an agreement between the results of the two methods. Larger number

of particle measurements for a limited time and operator-independence of results

were the advantages of the new technique, while higher sensitivity to imaging

quality and limited range of application for the combustion pressure were the

drawbacks.

The modeling section took advantage of recent developments in packing codes

and applied simple statistical tools to characterize heterogeneity. The approaches

were grounded on the pocket concept, formerly introduced by Cohen, assuming

that agglomeration is favored inside the fuel-rich regions naturally present in

composite solid propellants. Two- and three-dimensional methodologies were

presented for ¦tting experimental data as well as for the detailed description

of agglomerate population, once a mean feature is given. The comparison with

experimental results demonstrated that the statistical treatment of agglomera-

tion could capture main trends showed by the propellants tested. Yet, in order

to have a fully comprehensive tool, statistics and geometric criteria should be

enriched with CCP combustion models. Moreover, the current approach alone

cannot predict agglomerates from the sole heterogeneous structure. Current de-

velopments include a criterium to make the model dependent on ignition features

of the agglomerates generated at/near the propellant surface.
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