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ABSTRACT: This paper describes an analysis of the behavialwhinum (Al) particles burning in solid
propellant combustion gases. Aluminum particlesaatded to solid propellants in order to increasegd#s temperature
and, in the end, the specific impulse of the prapel It allows for a higher thrust level for thedster or missile. The
Al mass fraction is quite high (15-20%) meaningtttigere is a lot of particles burning at the sameetin the gas
volume above the surface. The radiative emissimell¢T>3000 K) does not allow for “classical” vidization
techniques application. Instead we have implemetitedocusing schlieren technique (FST). FST ceetéhe same
way as a laser, an optical thin sheet normal taelgeession surface (at a few mm/s). Its depttoofis is very limited
depending upon the optical arrangement (from 0®9.5 mm). The deviation of the external light I toptical
indexes provides information about oriented optgraldients and particle “shadows”. Results are leein terms of
image quality and, we also obtained clues for éebeinderstanding of the particle burning proca@ée fitting of the
image acquisition is not simple; it is related tegsure changing the local equivalent optical iedeXOnce we get
“good” images, tracking particles is quite challergg We are seeking velocity profiles, particlerd&ers or features,
and particle state evolution (inert, melted, bugnior burnt). A specific tracking code has beenettgyed named
“EMOTION?” (French for estimation of the object mawent by Onera image analysis). Examples of partieleavior
and tracking are presented in the paper. FST applieccombustion phenomena is very promising dughéodrastic
reduction of the combustion self radiation. All tthetails and pieces of information are able todgght such as those
that validate the Al particle behavior models. Thizrk was supported by ONERA, and by CNES, the ¢he¥ational
Space Agency.

1. Introduction

The behavior of aluminum particles depends on séysrameters: Al mass fraction (15-20 %), Al etisize (5 to
40 pm), flame temperature and a specific processirdng at the regression combustion surface: thgregation
process which generates particle networks of highérme and various features called aggregatesserbggregates
evolve into spherical agglomerates once the fustomperature has been reached. Particles burn inollnene of the
motor combustion chamber and are able to triggenstability regime of the flow. Knowing particlézes close to the
burning surface (a few millimeters) is of majorergst for numerical simulations of a solid rocketon.

Particle temperature stands above 3000 K risingoup600 K for alumina, the combustion. Using cleakicamera
operating in visible light domain, it is not easy éxtract the diameter of any particle burning @lids propellant
combustion hot gases. This is due to the high leagiative emission of the particle. The mass rafi(Aluminum
particle is close to 20% in solid propellants: there too many ejected particles at the same ftirmibel gas volume
above the burning surface. Tracking each of thequite impossible.

Fig.1la shows how aluminum particles usually agge=gathe burning surface (1), then heated by &z fiux coming
back from the flames, the particles melt (2), arddme agglomerates which burn (3), before beingtegjlefrom the
surface by the gas flow rate. Agglomerate burnsftisg up from the surface. At that step, the Hagparticle or
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agglomerate is composed of a melted aluminum @yet(has an alumina cap (4) and it generates ialrsmoke (5)
which is taken away by the gas flow. [1]

FOV = 4.5 x 4.5 mr

Fig. 1. Visualisation in visible domain : (a) sketof the agglomerate formation cycle [1], (b) 16rargentine
camera image at 3 MPa [2] et (c) high speed videoera image [3]

The radiative emission of particles lowers the fyalf the images as soon as the test pressuré ieWégher than a
few atmospheres. The combustion zone (6 in Fig.ata)nd the burning particle becomes opaque at @ (#iR).1b)

and the aluminum solid particle diameter cannadétermined. The field of view covered in Fig.1kis 2.5 mm. The

spatial resolution of such image allows to tracktiples having at least a diameter of 40 um. Thghhipeed digital
B/W video cameras allow for a better freezing af #tene thanks to their very short exposure timethmuparticle
surface is hidden in the hot combustion bulb (F&j.1n the framework of the INnCoME program (Invgations in

Energetic Material Combustion) we selected a ligbwiation based technique, one of the numerousiesehl
variations, named Focusing (or Converging) Schtiefechnique (FST). The idea was to eliminate thelagstion self
emission which is the issue of the visualizations.

2. Focusing schlieren technique

The focusing schlieren technique (FST) proposedi\linstein [4,5], creates an optical thin sheet radrto the

regression surface. There is no integration ofat@n all along the optical path; the particles seen only in a thin
volume limiting the interaction between particleki@h are coming out from the surface more and mareerous as
the burning rate increases with respect to thespres(i.e. a few to ten mm/s). Its depth of fodD¥\] is very limited

depending upon the optical arrangement, mainlyhthight of stripes in the grids (Fig.2). In our caB#V is limited to

0.25 or 0.5 mm.[6]

Source
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Fig. 2. Schematic and view of the FST optical gyste

The deviation of the external light by the optigadexes allows us to obtain oriented optical indegeadients for the
gases and particle “shadows”. This also acts likeigh pass light filter because part of the radratemitted by
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particles, not cut by the grids, is received by liigh speed camera at the same time as the whltedeviated rays.
The frame rate is fitted from 10,000 fps to 30,®3€ depending upon the FOV in term of pixels. I$ @ be selected
taking into account a few parameters such as tpeated particle size (optical magnitude), the plrtspeed in the
FOV (each particle seen in a number of images)difiglacement of the particle between two imagasnification of

each particle), and maximum allowed data flow tatthe camera memory which modifies the pixel nunarel/or the

frame rate.

3. Application to aluminum particle tracking

In this chapter, examples of image sequencesriiteshow to fit the FST images and what happerthéngas a few
millimeters above the solid propellant burning aad. Then, the specific software will be presenitsdorinciple, first
validations on inert particles (instead of alummjumixed in the propellant batch. Finally we prasesults of particle
tracking.

3.1 FST application domain

Theinfluence of the gas density via the equivalent optical indexes is an issuis difficult to analyze images when the
pressure is higher than 2 MPa and it depends oprtipellant mixture and the initial size and maggorof aluminium.
The FOV is generally 192 x 1024 pixels. The magletdepends upon the particle size. In the exaniplégy.3, the
magnification factor is 7 um/px. The images argaoted from movies recorded at different operafingssures. The
propellant used in the tests in Fig.3 carries aue agglomeration process. Quite large agglomem@sseen in
pictures independently of the pressure level.

(b) © (d)
P =1MPa P =3MPa P=5MPa

@
P=0.5MPa

Fig. 3. Images of the same propellant combustiomabus pressures

In the image (a), taken at low pressure, the pastizere easily tracked because there are only gée image and the
background grey level was uniform. Many piecesnfidimation were available such as the diameteh@fparticle and
its displacement, its alumina cap seen thanksadiph pass filter effect of FST, its rotation spéellowing the cap
rotation, the combustion bulb and the alumina sma@kel MPa (b), aggregates leave the surface ang Bame
specific features which make their shape deviaimfa sphere, the background grey level becomesinidform. At 3
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MPa (c), the number of particles increases; theioles and the gradients generated by the diffufimmes

(AP/HTPB) exhibit drastic variations in grey lev8lome particles are pointed out due to their owission (saturated
white level). At 5 MPa (d), the situation is wolsecause the scene background has become darker.

This leads to a limited application domain in tesfroperating pressure. FST has to be adapted toapellant: the
DW will limit the number of particles seen at thente time in images. The cut-off level will change grey level.
With Al particles, the gases temperature is higled the optical indexes and, consequently, asigie deviation

decrease with temperature, the cut-off level hdsetkept equal to zero. FST becomes shadowgraphy!

Particle size depends upon the initial aluminium size and upenafigregation process at the surface. The dianmafters
particles leaving the surface require an adapteghifieation; we need a few pixels to describe thetiple feature. As
magnitude is increased, the actual FOV is redueadihg to a short path for each particle in the H@iting the
number of corresponding images. The velocity pedfiécomes difficult to be determined.

3.2 Software

Pertinent data, included in the FST images, at@gif interest for the research scientist but theyless interesting for
software designer because we are far from indlstcdene images which are well lighted and with ghhlievel of
contrast. A few research software’s have beendesteour “easiest” images.[7,8] No significant leswere obtained.
We decided to write our own software using LabVig¥g tool boxes. There are specific tools devotedntage
processing from Alliance Vision, NI group. As thene® many issues, the final goal of this study Whécthe tracking
of particles (velocity profile and diameter evotut) seems far from to be achieved.

Principle of the software

The ONERA tracking software was named EMOTION (Ereacronym) standing for Evaluation of the Movemefnt
Objects by ONERA Image Processing. Each partictetbae tracked individually. The frame by framspiticement
of each particle leads to a velocity profile. Tretadmination of the diameter frame by frame leadthé consumption
of aluminium during the combustion of each particle

The main structure of the software must use 8+hdges because all the VIs do not accept 16-bitdbrm first
selection module allows us to fit the tracking dtinds on the first image having each particle,e Totion of first
image in which the particle is detected is very amant. At the combustion surface, particles arespberical, are not
burning and stands as an aggregate. The first @apfyparticle is not obvious. Far from the surfatéhe upper part of
images, most of particles are spherical, burnintd) wiumina smoke plume towards the top of the FOhe sequences
are analyzed backwards. The detection is perforimedspecific zone at the top of the image andiglast are tracked
back to the surface.

A module is activated for determining the condifidar extracting the zone of the image includingreparticle. This
zone, like a small “stamp”, is kept in an outpuedtory. A second level processing could be ussédan morphology
for instance.[9] The coordinates of the centreaxfheparticle allows to define its displacement fany frame but we
have to make sure that this is the same partiodgptare some regulation data selected by the Tisisris related to the
repetition rate and the mean flow rate. The vejoisitdetermined using 3 or 5 coordinates of theiglar it means at
least each particle sought on 4 to 6 images for waloes of velocity which is the minimum for a phef We got
trouble with the small particles moving at the flasv rate. 10,000 fps is the minimum value of thanfe rate; 20 to
30,000 fps could be an answer for these smallghestbut the distance on which they could be tradkdower due to
the FOV size limitation induced by the frame raterease.

The first step is the choice of an image sequehie.number of images is linked to the quantity aiftisles we could
track in. This is related to the memory allocatiequired. We use a 4-core PC with 6 Go of memomying under 64-
bit Windows. We are able to track up to 10,000ipks in a sequence.

A working zone centered at the burning surfacesfindd: the burning surface profile is determined &acked frame
by frame. It allows to refresh, at each frame, plaeticle distance to the burning surface. A secanding zone is
placed at a given distance from the sample surfadbis zone, the particles will be detected oantered from the top
of the image for the first time. When a particlel&tected, a circle overlaps the contour providirginitial diameter.
Then, a “stamp” is created. The notion of “contigtiis important: we make sure that a particleds considered twice
or more.
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Category of particle size (min, max) and grey leaglge (min, max) are two very important paramebeitshey are not
easy to select because the size of actual pacticlers a range from less than 10 pm to 200 and pioreThe contour
of each particle is defined by a grey level chadgpending upon the burning level of the particler. &ample, when
an alumina cap is seen at the surface of a panitieh rotates, it is an issue for the tracking dhd diameter
determination. The saturated white level is notsidered in the fitting values of the tracking. T¢mavity centre and
the diameter of the circle are shifted drastically.

The front panel of the software is shown in FigTrajectories of particles are seen in the maiplgdaut their tracking
is under progress. They disappear when their tngcld ended. Velocity profiles are obtained in eaosel graph. All
data and “stamps” are recorded in specific filed dinectories.

[\ Usersidefa- Iabvh:rr\[thbup"[{ilm_ trackh
Suivi_Particules_2011\Particular_strio 200100011754

Fig. 4. Front panel of the software (actual pragalwith aluminum)
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Validation of the algorithms

The main issue of image processing is checkingstlievare ability to track particles. We tested EMOTION code
directly on actual solid propellant combustion irmaginder high pressure with background grey leaghtion such as
those due to alumina smokes. The first step ofla#itin should be based on the analysis of imagesnal for specific
propellants including inert solid particles wittkaown diameter distribution. First, two inert palei types were tested:
alumina (Dngs = 30 pm) and Zr@(Dn o5 = 11 um). The mass ratio was chosen low at 6%ngjrat limiting the
aggregation if any occurred. Fig.5 shows imagesiobt by FST for each inert particle type (top) éimel particles
collected after sample combustion and burning efiimder degradation residue embedding the past{blettom).

The result was unexpected with an aggregation @6 particles forming flakes or pancakes (a) and iwdial particle
of alumina having oblong shapes (b). We did notageanto track the alumina particles due to theipsheatures and
to the inability of the software to track non spbakobjects at that time.

A new formulation including spherical particles redn“Microblast” (mixing of silica, alumina and zanium) was
tested recently (Dgs = 43 pm). There was still some aggregation ofigdag leaving the surface in FST images. Most
particles were identified clearly as spheres asvahia Fig. 5c.

(a) ZrO, propellant (b) A0 propellant (c) “Microblast” propellant

Fig. 5. Inert particles above the burning sufac&8Y¥ (top) and after collection and heating (down)

3.3 Example of image analysis

The only example of tracking and sizing of parscf@esented in this paper concerns the “Microblgatticles. Using
the movies obtained with “Microblast” propellantevexpected to check the ability of the code to fihd size
distribution (in number) of the particles includedthe batch. The diameter of each particle wasothe determined
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when the particle was detected for the first timenters the working zone. The velocity profile vedso obtained for
most of them.

The initial size distribution in number is shownFiyg. 6a; the Dny s value is 43 um. The FST images (192 x 1024 px)
analyzed by EMOTION (Fig.6b) were obtained withcals of 6 um/px, the FOV was 6.14 x 1.15 frand the frame
rate was 10,000 fps. The sequence duration watetinbd 1,000 frames corresponding to 228 detedggtts. Only 87

of them were validated; it means an initial diametas determined, and the tracking of the partiedes obtained at
least from 5 frames (velocity from 5 positions) eTjarticle size distribution was defined in numper category of the
classical size distribution of the Horiba analyd€ig.6¢). This has to be compared to the initiaktrithution in Fig. 6a.
The particle total number could be higher aimingxtibiting the same size distribution. This valetathe process and
the EMOTION software.
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Fig. 6. "Microblast” size distribution: initial (ajrom FST images (b) and after collection (c)

The size distribution was quite difficult to obtdiom the collected particles once the saple wasdali This was due
in part to the small quantity of propellant usedha test bomb. But it was due mostly due to tis&drees agglomerated
in pockets (black bodies in Fig.5¢c). Some of thenibedded the “Microblast” particle as shown in Hig.&fter 3 hours
of heating at 610°C and shaking by ultrasound duaifiew minutes, we obtained tiny and nhumerousgbest It led to
volume distributions shifted towards smaller diaenet(Fig. 6¢). Turning this volume distributionara distribution in
number was a major issue. The “Microblast” sizéritigtion is hidden inside the distribution of umbad residues.

Distance to
surface (mm)
2,54

2,

0 0,5 1 15 2 25
Velocity modulus (m/s)

Fig. 7. "Microblast” velocity profile: 87 particledetected in a time sequence duration of 0.1 s
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The velocity profiles of the 87 objects detectednii,000 frames sequence are presented in FigefeTib no link
between the modulus of velocity and particle sidéare accelerated after they lift off. At a disce of 2 mm above
the burning surface, the velocity modulus variest0.5-0.6 to 2 m/s. Only one particle moved aighdr velocity; it
was one of the three underlined in the graph wieictered the FOV from one lateral side of the imagey were
trapped by the gas flow rate. This result obtaifedless than 100 particles provides the first leok software
validation.

4. Conclusion

Thanks to the focusing schlieren technique, a newuter has been opened for analyzing the aggregatiah
agglomeration processes close to the burning suffiacan industrial solid propellant. This was ajonapportunity
because the FST image does not include all the &gtitted by the combustion. It acts as a high fii#tes providing
more pieces of information in each frame. The @btgradients are not integrated along the lighh patough the test
chamber. The quality and the accuracy of the desaién in the field of view are notably enhanced.

The EMOTION software is still under development,batt the present time, it allows to extract infotima about
diameters or features of the detected objects Budtheir velocity profile. We have to improve aumderstanding of
image analysis conditions which depend upon thpeslbéthe objects and mainly of the background gnep (smokes,
flames ... leading to refraction index gradient véwia wrt time and location). The work already penfied has to be
strengthened. A strategy for software validatiod twabe built and inert “Microblast” particles wevee way to achieve
this goal.

The FST does not solve all the requirements infigdd of particle tracking and sizing. A compromibas to be
established between particle velocity (FOV, fpsyl apatial resolution (minimum particle size). Liatibns and
operating conditions are conflicting with partiddéameters obtained above a minimum diameter limd with the
velocity profile determination requiring a muchdar spatial scale. The working zone has to be athog adapted as
the FOV and software should have to main optioiesndter and profile. The particle distribution hade described in
number. This also leads to analyze the sizes opdinticles collected in a test chamber from statieges taken using a
microscope (optical digital or MEB).

FST exhibits a high potential because the FST imaae full of useful information required by thenmerical
simulations and models.
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