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Abstract

The formation of aluminum agglomerates during costion of aluminized solid propellants is known
to have a significant impact on the behavior of thmtor. In this paper, we propose a
phenomenological agglomeration model whose inpuf da obtained from a mesoscale solid
propellant simulation code. This new coupling €ggtis very promising since it has the potential to
model various physical effects on agglomeratiorstfipplications of the model on a typical indwtri
propellant show encouraging agglomerate size Higidns consistent with classical experimental
data.

1. Introduction

Aluminized solid propellants are widely used fordusstrial solid rockets. However, it is well-knowihat

agglomeration of aluminum is likely to occur: pelds may coalesce at the propellant burning sunfaselting in

the ejection in the flow of agglomerates much bigbean the initial virgin aluminum. Agglomeratioart be critical
from both a performance and stability standpoirgsdciated two-phase losses, slag accumulation)enerasion or
incomplete combustion do indeed burden the expedtimaretical thrust. Pressure oscillations are &afsmwvn to be
affected by the presence of aluminum distributeahtmastion in the chamber. Therefore much effortlbeen made
through past years to experimentally charactegggoemeration and to understand the underlying pisysiat drives
the phenomenon. However in spite of a consideraleunt of work, some aspects of the agglomeratioogss still
remain poorly understood. An illustration of th&atved complexity is the given by review of Pridea¢ [1] where
agglomeration is shown to be dependent on variausnpeters such as propellant composition, alumimitial size

distribution or chamber pressure. A consequendbisfdefying complexity is that it remains meretypiossible to
make accurate ab initio estimations of agglomenafithen, large and costly experiments are oftendaiamy to get
a grasp on the agglomeration behavior.

In this context, modeling strategies can be verjualgde by yielding an estimation of the size of nalnum
agglomerates. Given the complicated physics inhlvaodels used industrially are often very simpiginly
resting on empirical or geometrical consideratiohdirst category of models are empirical modelsdzh on the
compilation of numerous experimental data from \Wwhitends and correlations are extracted which &nkean
agglomerate size to various parameters (oxidizactifsn, combustion rate, ...). One can cite the widkesd
correlations of Salita [2] and Beckstead [3]. Thesedels naturally lack predictability when used dtudy
agglomeration in new propellant compositions angk gio information about the physics involved in finecess. A
second modeling category is referred to as pocketlets [4-5]. In these approaches, relevant geocagtri
information about the propellant is first extract@dg. free volume between coarse oxidizer pagjcie order to
build “pockets” which are zones in which aluminumrticles will concentrate. All the aluminum encapsed in
these pockets is supposed to coalesce to formah dingle agglomerate. A simple relation betweeoppHant
properties (coarse oxidizer size and mass loading) agglomerate size is finally obtained. Everhdse simple
approaches generally give correct orders of madeithey are often not sufficient. For example, epaehdence on
the original aluminum size or the operating presssirconsidered while these are known to haverafsignt effect
on agglomeration. They also fail to give relevagults for propellant containing non monomodal zdd A third
category of models are stochastic microstructureeiso They are based on a microstructure recontruof the
studied propellant (random pack) [6-7]. Gallier §]d Bandera et al [9] developed predictive aggtatien models
which yield correct agglomerate size but only unther form of a mass averageds@liameter instead of a size
distribution. In the same spirit, Jackson [10] peed an approach based on a proximity criterio@lofminum
particles in a random pack. This model returns gglaamerate size distribution but is very dependemtthe
threshold value used in the criterion. From thedpmetrical nature, these models cannot take intowm the
influence of pressure nor the dependency on thdized type.
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The approach we consider in this paper belongddstaategory of phenomenological models. Thesdefsaim at
describing the agglomeration process by explidithowing the evolving position of the initial alimum particles
and their interaction with the surrounding soliddagas phases. Various different phenomenologicaletsohave
already been developed [11-17]. They differ from #iygglomeration mechanisms that are considerethandvel of
details that is given to the description of thepmitant surface and gas phase. For example oneneation the
works of Rashkovskii [17] where the agglomeratiomfation model is based on a force balance thdiesp an
aggregate (group of sintered aluminum particleso akferred to as accumulate in the literaturefiditey at the
propellant surface. As a result of the stressestamplies that apply to the aggregate, the molilitthe latter at the
surface can be considered. If the aerodynamic $oegeeed the adhesion force retaining the aggregdte surface,
the latter is ejected and supposed to melt in Heeflpw. In this approach, temperature does not @ty role in the
agglomerate formation mechanism. On the opposamb@murthi et al [12] consider a formation mechanimsed
solely on temperature: an aggregate at the suwdkeventually reach a high enough temperaturatiomelting and
subsequent ejection to occur. In their approadression of the burning front is taken into accaard simplistic
way where no deformation of the front is considerétie two aforementioned models are able to yiée s
distribution of the agglomerate size and take iatmount the effects of pressure and initial sizgrithution.
However the mechanisms considered are quite differ®ur approach tries to incorporate both fornmatio
mechanisms as well as a better description of thface topology thanks to a weak coupling with asoseale
combustion code.

The paper is organized as follows. In a first pegtdescribe the mechanisms that are consideratiddormation of
both aluminum aggregates and agglomerates. In andepart we introduce the agglomeration model fram
numerical perspective. In a third part we briefsdribe the mesoscale combustion code that istagadvide input
data and the coupling with the agglomeration moéhally, we show preliminary results obtained wilr
methodology.

2. Agglomer ation mechanisms for composite propellants

In this work we focus on the study of agglomerationcomposite solid propellants. For this kindpbpellants,
even though uncertainties remain, the followingogloagglomeration mechanism is retained in our @gr, taken
from the experimental observations of [1]. Firshynainum particles initially present in the solid gde are
progressively heated with the advance of the bgrfiant. Possible sintering of these particles oaaur in solid
phase due to dilatation. In a second step, alumiparticles (passivated by a thin nanometric alurféyar) emerge
at the surface, composed of a binder decomposiliiprid layer and/or solid carbonaceous residuesyTare
retained for some time at the surface due to tiirly-understood adhesion processes (capilldniypgrodynamic
forces, carbonaceous residues trapping ...) aruth temperature higher than aluminum melting pdma third step,
contacting particles cluster under the form of agagtes. The physical sintering mechanism at thiacremains
unclear but the following two-step mechanism ispmsed in [1]: particles are first connected eithgrsolid phase
sintering or carbon residues bridges. Then, withdasing temperature, the external alumina laysrksrand liquid
aluminum leaking out of the shell generates aluntin@ges between particles when placed in an oixigiz
atmosphere. Due to aerodynamic forces, mobility cecur at the surface of the propellant, possiliijiamcing
contacts between neighboring aggregates. Finalty kinds of events can occur at this stage: 1 ptigregate leaves
the surface when aerodynamic forces exceed adhdsimes or 2) the aggregate reaches alumina melting
temperature (approximately 2300K) and the alumimpamticles coalesce causing the ejection into he.fl

3. Coupling methodol ogy

Based on the phenomenology described above, wdogeaenumerical model for agglomeration in compmsiblid
propellants. Even though the proposed methodolegeneral, we will in a first time focus on thedstwf classical
aluminized AP (Ammonium Perchlorate)-HTPB (hydrotgtminated polybutadiene) propellants. We discuss
hereafter the global outline of our approach. Litke other existing phenomenological models, theistapoint of

our approach is the construction of a random pabichwis representative of the propellant microgute. These
packs contain both AP and aluminum particles (sgeré 1).



DOI: 10.13009/EUCASS2017-148

A NUMERICAL MESOSCALE MODEL FOR ALUMINUM AGGLOMERATIONIN SOLID PROPELLANTS

C

Figure 1: Representative microstructure. Randofkknm coarse AP (white) and aluminum (black) paes.

The combustion of the propellant is then explicgblved by a dedicated code (Section 4) to obteorination that
is used as input for our agglomeration model ($act). Neither agglomeration nor combustion of ahum
particles is considered in the propellant combuassionulations. The proposed approach should therdfe viewed
as a weak coupling methodology where the combustiaie is used to provide a good approximation efdtrface
topology and temperature and velocity fields nbarkturning front.

4. M esoscale combustion code
4.1 Governing equations

We give hereafter a brief overview of the mesoscalmbustion code that is used to provide the imjata of our
agglomeration model. Both solid and gas phase amsidered and coupling between the two phasekéntato
account by enforcing proper jump conditions. Insbéd phase, we simply solve for the heat equation

arT
pcCe = V. ANVT (1)
where T is the temperature apd C,, 1. respectively designate the density, heat capacitythermal conductivity

of the condensed phase. Note that thermochemic@lbles vary in space depending on whether a sdfidated in
the binder or in AP. In the gas phase, the unitywisenumber Low-Mach Navier-Stokes equations aresictamed:

dpg
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o+ UV = V.22, + o (5)

4
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with U = (u, v, w) the fluid velocity vectorp the hydrodynamic pressure, the viscosityW the molecular weight
and P, the thermodynamic (constant) pressure. Couplingvéen the two phases is assured by enforcing the
following jump conditions at the surface:

[p(U.n+n)]=0 (7)
[% vY,. n] = m[Y,] )
[AVT.n] = —mQ, + ¢ 9)

with [.] = (.)4 — (.)s andn is the normal vector to the surface (oriented takthe gas). The heat of decomposition
Q; models the reactions taking place at the surfackthe additional heat flup can be used to model either a
transient ignition flux or an external radiativenflcoming from the combustion of aluminum. A glolchAemistry
modeling inspired from the well-known BDP model J18 considered in the gas phase to model the ocaxnpl
chemical reactions. The BDP model is known to giveorrect estimation of the complex flame struciarthe gas
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flame for AP/HTPB propellants and is thus well-sdithere since gas temperature profiles will be @sethput in
the agglomeration model. Regression rate of thet fsogiven by an Arrhenius law:

1, = Age Es/RTs (10)

whereT, is the surface temperature and the parameterkeofaiv once again depend on whether a point at the
surface is located in the binder or in AP. The eagdy position of the front is tracked using a LeSet function®
which satisfies the following Hamilton-Jacobi eqoat

2+ 1y llvypll =0 (11)
Numerical procedure and more details about the cadébe found in [19].
4.2 Input data for the agglomer ation model

As already mentioned, the agglomeration model talkeimput a random pack containing the positionsipel of the
aluminum particles. During the combustion simulati@ther relevant information is collected and peically

saved. Each save file corresponds to a given palysime and stores the following data: positiontioé front

(coordinates of nodes located at the surface),citgldield of injected gases, solid composition tbe surface
(whether a node is located in the binder or in AB¥jperature profile in the gas phase and surtaopérature. Note
that saving frequency should note be too low ineorfibr transient phenomena to be properly captimgdhe

agglomeration model.

5. Agglomeration model
5.1 Initial set-up and time evolution

The set-up of the model consists in reading thetipasand radius of aluminum particles in the ramdpack file.
The first combustion save file is also read at $tégye. In particular we know the initial positiofithe burning front.
Given this information we split the domain into dbrparts: the non-decomposed solid propellantr(exfeto as
“solid phase”), a surface layer composed of bindkesromposition products and the gas phase. The ragghtion
model proceeds in an unsteady fashion. After thi@irset-up, time is advanced with a time stepnested from the
maximum burning rate at the surface and the miniraluminum particle size:

At = 1 min(D)

© B max(rp)

(12)

where a typical value of paramefeiis 20. For timg™ = nAt, relevant input data (gas velocity, gas tempeeatu)
is linearly interpolated from the results savedimyrthe combustion simulation. Then the followingps are
sequentially performed: particle tracking and aggte formation, detection of contact between agye=sg
evaluation of aggregate surface mobility and finalbrmation of agglomerates. Each step will beatded in the
following sections.

5.2 Particletracking and aggr egate formation

At the beginning of the agglomeration simulatiolhtl@e aluminum particles belong to the solid pha&se the front
recesses, a particle will completely leave thedsplase, entering the surface layer. Accordinghto ghysical
mechanisms detailed in Section 2, particles arpasgd to be retained at the surface and will caresaty follow
the displacement of the burning front. With timeythare likely to collide with other particles loedtin the solid
phase resulting in the formation of aluminum aggteg (Figure 2).
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Figure 2: Aggregate formation process for two alwm particles initially belonging to the solid pbgg). The first
encountered particle leaves the solid phase amdgdped by the surface layer (b) and follows thenimg front (c). It
collides with the second particle (d) generatingggregate (e) that does not move until the separtitle in turn

leaves the solid phase (f).

During this "regression stage", all particles begiog to a given aggregate move at the same spegal & the
velocity of the last added “pilot” particle. As Wite seen later, when the pilot particle does ntdrgect the solid
phase, an aggregate is free to move at the suneeaefer to these displacementsaggregate mobility. As a
consequence, when evaluating the aggregate fonmptiocess, we must also check for any contact lestvieo
neighboring aggregates. In the eventuality of ccntidne two aggregates are merged. This mobiliyfiened by
experimental visualization, can play a role onfthal size of the agglomerates and should be takenaccount.

5.3 Evaluation of aggregate mobility

Evaluating the forces acting on an aggregate esalddo determine if it will be ejected away frome tsurface into
the gas flow or remain at the surface, retainedabipesion forces. In the latter case, we can comthde
aforementioned aggregate mobility. If the pilot tide of an aggregate belongs to the solid phass tho
displacement or ejection is possible. Otherwise, model authorizes an aggregate to move both nslxdon,
tangentially to the surface, and rotation aroungl ‘thilot” particle. This displacement is computed $olving a
simplified problem. First we describe the aggregat@n equivalent spheroid (Figure 3) of semi-axasdb (a<b).

P

T e e ST 0
A A

Figure 3: Spheroid equivalent (right) to the aggtedleft)

Point A designates the contact point between thfasel and the aggregate. An equivalent geomethyii$ via a
vector p associated to each moving aggregate whose direitiobtained byp «< Y AM; with M;the center of
particles belonging to the aggregate and whose ®given by||p|| = 2||AG|| where G is the center of mass of the
aggregate.

We detail the different forces considered in thaleloFirst, since the aggregate is located in &lgas we take into
account a drag-induced aerodynamic force whosesegjum depends on the shape of the ellipsoid.drcdise of an
elongated shapes & a/b « 1) the force expression is approximated by the Ser@bdy Theory in a Stokes
regime:

Fhi = 6[[;7'L'b[XApipi + YA(5ij - pipi)](l_]j—Upf (13)

xA =2 y4 =2 (14)
6I3E 6+3E

= e withe = a/b (15)
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wherefiy is the gas viscosity;; the Kronecker symbol an@ — UP) the difference between the gas velodity
extracted from combustion simulation, and the agate velocityU?. If the parametet does not take a small value
then the aggregate is simply modeled as an equivsjsere and the acting force reads:

Fy, = 6[i;mbs;;(U; — UP)) (16)

Aerodynamic forces tend to move the aggregate dxaay its initial position. They can be written umdbe general
form: Fj, = @, (U — UP). On the opposite, two kinds of adhesion forces bstrain the movement are inserted into
the model. First a force oriented normal to thdamr whose intensity depends on the number ofghestlocated in
the liquid/carbon residues layer, noteg, at the surface is considered. The maximum vafuhi® force, which has
to be exceeded to cause ejection, is given by:

F,"% = (Zke95 ) E;)n (17)

with k, a parameter whose value depends on the composttithe liquid layer. The width of this liquid layé is
obtained for the binder by:

§=%In (ﬂ) (18)

Tp T¢=To

where « is the thermal diffusivity,r;, the local burning rateT, the local surface temperaturg, the initial
temperature and; the binder melting temperature (~550K). The secadidesion force in the model is a viscous
force tangent to the surface. Its expression cpomds to the drag force applying on a macro-pari¢ldiameted

and intends to represent how the high-viscosityt@mobinder impedes aggregate motion.

F,, =3mm86;;(0 — UP;) (19)

Once again, this force can be written under theeggrform: F,, = @, (0 — UP). Figure 4 illustrates the different
forces that act on the aggregate:

R

Figure 4: Forces acting on a moving aggregate

Once these forces have been defined we proceedoinsteps. First we evaluate the following criteriahich
indicates whether the aggregate will leave theaserfiue to overwhelming aerodynamic forces:

@,U — F,™).n > 0 (20)

The criterion not being fulfiled means that adbesiforces will maintain the aggregate at the swerfathe
equilibrium of forces is then verified for:

F,=—[a,U.nl.n (21)

Once all acting force has received a value therskstep consists in solving the classical NewtoleilEequations to
compute the motion of aggregates:



DOI: 10.13009/EUCASS2017-148

A NUMERICAL MESOSCALE MODEL FOR ALUMINUM AGGLOMERATIONIN SOLID PROPELLANTS

m% = F,+ F, + Fq (22)
aQ
Ja TZA = AH A Fy, (23)

First-order implicit integration in time of the almsystem leads to:

(Upn+1_UpTL)

= =a,(U—-UP""") + @, (0 -UP"")Y + F, (24)

(Q/An+1-9/An)
At

J/a = AH A&, (U — UP™1) (25)
The position of each of the particle belongingte aggregate is then updated thanks to the trarskand rotation
computed velocities:

X=X+ ALUPTT 4+ QM A AM) (26)

In all the above equations, tié notation tags the model free parameters whichbeaadjusted to transcribe proper
mobility/ejection behavior. These parameters maaitgr the behavior of the model regarding aggesgabbility
and amplitude of adhesion forces.

5.4 Formation of aluminum agglomer ates

In our approach, aluminum agglomerates can fortwoways. First, an aggregate can be ejected dlow due
to aerodynamic forces exceeding adhesion forces. adsociated particles will eventually coalescefffam the
surface to give the agglomerate. This first foroatmode is already taken care of by the problemesbin the
previous section.

In the second formation mode, aluminum particlesposing the aggregate reach the alumina meltingéesature
Tf a1,0,(~2300K) while still being at the surface: liquithminum particles then promptly coalesce due tdaser
tension into an agglomerate that consequently ke#hwe surface. In order to keep the whole modelpedationally
tractable we chose here to make a simple assumgitione of the particles of the aggregate entkeszone where
gas temperature exceels,;,o, then coalescence is supposed to occur immediakalgn if the approach is
simplistic it is expected to yield relevant resultdeed, if we compare the characteristic partiitgplacement time
1, = D/m, and a thermal characteristic tinmg = D?/a,; we observe that for common values of initial alnam
size 0~10pm) and propellant burning rate;,10mm/s) the ratior; /7, is very small (~18). This statement
legitimates the above assumption. Note that thigpkd approach is also interesting from a numeneabkpective
since we only need to store the iso-profile T=230¢ead of the whole gas temperature field.

6. Preliminary results

The proposed methodology is applied to a typicdustrial propellant loaded with 68% 200um AP anéolBum

Al mass fraction. We focus here on qualitative aggration trends and comparison with classical @gugres like
correlations and pocket models on this simple cébe.detailed study of the effect of the model fpegameters or
quantitative comparison with experimental resulii lve addressed in further study.

First a random pack is generated (Figure 1) anésostale combustion simulation conducted to prowvidet data
for the agglomeration model. A typical output of @@mbustion code is illustrated in Figure 5 whiire recessing
burning front is colored by surface temperaturee @an clearly observe that surface is non-planartdwoth the
heterogeneous temperature field and space-depepgehysis laws.
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Figure 5: Surface temperature field on the burfiiagt. White mesh cells represent AP and black noeds HTPB.

The agglomeration model is then applied to deteentive agglomerate size distribution. In the presentilation,
we make the following assumptions: aggregates jactesl in the flow as soon as the underlying serfacmade of
AP particles k,(AP) = 0 in Eqn.17). On the opposite no aerodynamic ejaciiosupposed to occur if the pilot
particle is located in the bindek {(HTPB) = o). Surface mobility is not considered,(= 0, ff; = ). Figure 6
gives a representation of the results of our madttl aggregates forming at the surface and coateagglomerates
ejected and carried away from the surface by tiseflgav.

Figure 6: Results of the agglomeration model. LE&fp view with surface aggregates only. Right: Pecsive with
surface aggregates and ejected agglomerates.

In the above figures particles are colored by thgregate they belong to. One can see that largegaigs form in
"cold" zones located between coarse AP particlé®sé& zones appear clearly in Figure 5. These agge@re
ejected in the flow when a primary flame or Leaditdge Flame (LEF) [20] forms above the surfacéatjtinction
between AP and HTPB. At this location the 2300kssioface is very close to the surface and aggremgetiescence
is highly probable. All generated agglomerates (8Q0) are numerically collected and the obtained distribution

is plotted in Figure 7.



DOI: 10.13009/EUCASS2017-148

A NUMERICAL MESOSCALE MODEL FOR ALUMINUM AGGLOMERATIONIN SOLID PROPELLANTS

0.025

0.02

0.015

0.01

Volume PDF

0.005

0 ' , ' :

20 40 80 160
Diameter (microns)

Figure 7: Obtained agglomerate size distribution

The size distribution we obtain is consistent wigpical experimental results with a part of non{agterated
particles (D=20um) and a meanz@iameter between 90um (100um if non-agglomeraseticies are omitted in the
calculation). Agglomerate size given by classiggiraaches is listed in Table 1:

Table 1: Agglomerate size predicted by classicptagches on studied propellant

Beackstead [2] Salita[1] Cohen [3]

Mean agglomerate size (um) 61 147 121

From a qualitative standpoint the result of our elag consistent with the above values. The faat tfe obtain very
large variations in the agglomerate sizes with Sitaé approaches clearly legitimates the developroérmore

evolved models such as the one presented in tipiers they could yield more accurate and detailtmation

about agglomeration.

7. Conclusion and per spectives

This paper introduces a phenomenological modepfediction of aluminum agglomeration. The methodglds
based on a weak coupling with a mesoscale codecatedi to the simulation of solid propellant comimrst
Conditions at and above the surface are extraatech the combustion code and used as input dataafor
phenomenological agglomeration model. Explicit kiag of aluminum particles enables us to track fation of
aggregates at the surface, their mobility and foangation into agglomerates under thermal and aerachic stress.
Preliminary application of the methodology on ai¢gbindustrial propellant shows encouraging resahd predicts
an agglomerate size distribution qualitatively dstent with classical approaches. Further studidsnaw focus on
the impact of the free parameters of the model itnzgtly drive surface mobility and aerodynamic ggtof non-
coalesced aggregates into the flow and on the ibqfaaressure on agglomeration. Comparison witheexrpental
data will also be addressed.
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