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Abstract

This paper is devoted to the analysis in combustibiwo AP/HTPB composite propellants with
micro-sized and nano-sized aluminum particles bypgus® model based on simplified gas phase,
particulate phase equations and taking into accraditition field. After presenting the experimental
results obtained, we estimate the minimum of alwminparticle diameter we can consider with
continuum theory in gas propellant environment. amine the modeling of aluminum particles in
combustion and the modeling of radiative effect® drmulate a simple one-dimensional model to
describe the combustion of aluminized propellaitss model is then used to calculate the different
fluxes entering into the energetic material in ortke give an explanation on physical mechanisms
regarding the increasing of the burn rate due tow+szed aluminum particles.

1. Introduction

Aluminum particles are commonly used in solid pitgpgs to increase performance of solid rockethids been
reported of increasing the burn rate of solid rogkepellant with addition of nano-aluminum partigl This specific
behavior has been investigated by many contributeinsg experimental approaches. However, the charsthis
burning rate increase has not been clearly idedtifi

Some authors [1] suggested that the characteristit®e nano-aluminum particles could store inteamergy which
is released during the combustion. This hypotheass refuted by several research teams [2]. Totifydhe effects
of nano-aluminum particles on the propellant corntibus a recent model [3] was developed taking @mtcount a
strategy of homogenization of small particles ir thinder. The combustion of nano-aluminum particless
modeled following a global approach because thesiphlymechanisms are not well understood at theeptetime.
In fact, nano-aluminum particles have lower igmtitemperature, faster burning rate and consequestidyter
burning time due to their specific-surface area parad with micron-aluminum particles. The modelofghano-
aluminum particles in combustion in solid rockettaraemains a quite challenging task.

The purpose of this paper is to present a modeéesaribe an AP/HTPB propellant in combustion witlenasized
and nano-sized aluminum particles. This model sedaon a one-dimensional simplified approach bygigias
phase and particulate phase equations. Tiatiative transfer is computed with a Monte Carale taking into
account radiation of gaseous species and alumioplats. We assume that there is no retrocouplindgpath
particulate phase and radiation field on the gassehweak coupling) After discussion on the hypothesis of the
model in the frame of the continuum theory, we &&uion the problem of modeling the combustion afona
aluminum particles in gas propellant environmermmBustion of aluminum particles in the case of tigadly-
controlled regime and diffusion-controlled regimee &xamined.The propellant combustion model was built
following the idea developed in [4] based on love gativation energy. The full model, including naaiominum
particles in combustion, was then applied on twéHYHPB composite propellants burned at ONERA. Th&t fine
contains micro-sized aluminum particles and thesddimodal nano/micro-sized aluminum particlessuis are
analyzed in terms of flux entering into the eneigehaterials in order to give an explanation on gt
mechanisms regarding the increasing of the buendaé to nano-sized aluminum particles.
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2. Results from experiments

We have considered two AP/HTPB propellants (P1R2)dwith 17% of aluminum. The total mass of AP88%and
therefore 15% for the binder. The propellant Plt@imis micro-sized aluminum particles with a masameiameter
of 6 um. The propellant P2 contains 20% of micro-sizeorahum particles (mass mean diameterpgng and 80 %
of nano-sized aluminum particles (mass mean diarrel®0 nm). The burning rates of these propellaaige been
measured by using the ultrasound measurement tpehrjb]. At the room temperature, we have obsetven
different burning rate regimes (figure 1). Resusl®w clearly the increasing of the burning rate ttueano-sized
aluminum patrticles in the propellant. This partiaubehavior has been already reported by manynawers.
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Figure 1 — Burning rate measurements for the ptaptsl P1 and P2

3. Thelimit of continuum theory

In the classical approach for modeling fluid dynesniwe regard fluids as a continuous matter. Fstairce, Navier-
Stokes equations assume the continuum hypothesgaids(as well as the model that will be preseritedections 4
and 5). But at small length scales, the fluid nhestconsidered as a set of discrete molecules atilegawith each
other, and a solution will be provided by stat@tionechanics solvers. Deviation from continuum hipsis is
quantified by a Knudsen number, which is the rafisthe mean-free-path of the moleculésto the characteristic

length scale of the flow, [6]:
Kn:i: EM: 7—TI’T£ (1)
L V2 Re 2 PL

y is the ratio of specific heats for the gas. itdsspecific gas constant,its dynamic viscosityT its temperature and
P its pressureM is the Mach number and Re is the Reynolds nuniife. characteristic length scale of the flow
around a droplet is the particle diameler D,. Some authors prefer to use the rafiRe instead of the Knudsen
numberkKn. Low-Reynolds-number flows around particles arietty viscous (the size of the boundary layeragge
compared to the size of the particle). In that c&sbaaf and Chambré [7] distinguish the four flegimes that are
displayed in figure 2. Conventional approachesaamgropriate for the continuous regimé < Kn, = 102 In the
slip flow regime,Kn. < Kn < 0.14, the droplet has significant tangential velocibgddemperature drop with respect
to the surrounding gas. Conventional methods allessitable for computing such cases as long aglifieal
conditions are used at the gas/particle interfiogperform the Direct Navier-Stokes (DNS) computatof the flow
around a droplet, the boundary condition at thepldtosurface must model both slip velocity and terafure
discontinuity. To globally compute a two-phase flawa Eulerian or Lagrangian way, in which gas gadticle
phases are coupled through a drag coefficient (mtune term) and a Nusselt number (heat transfer)tetmse
terms must be respectively corrected by fackgrandK,, (see [6] for the expressions) that are plotteith wéspect to
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Knin figure 2. To be extensive, when the mean-frathis comparable to the droplet size (transitegime: 0.14 <
Kn < 4.11) or larger than the droplet size (free mole flow: Kn > 4.11), it is no longer possible to use contirgiou
models, even with appropriate boundary conditioftse exact values of the Knudsen number at the lamiexl
between regimes are a bit arbitrary.Kifi, = 10% as suggested by Schaaf and Chambré, the consindiag
coefficient and Nusselt numbers are accurate ®tlesn 3%: in the continuous reginkg, andK, are always in the
range [0.97;1]. According to Devienne [#n.=107, which may be a consequence of a smaller accucdesance
than the one of Schaaf and Chambré. For an exterahegt of validity such that a 15% relative ermodirag and
heat flux is permittedkn. = 5 102

To give some practical information in the caselo$ tstudy, let us consider a propellant gas in twdtuminum
droplets burn. Equilibrium calculations BE50 bar give a temperatuf@e3600 K andu=9.10° kg.s*.m*, y=1.2,
M=0.029 kg/mol. In that cas&n = 1 if the diameter of aluminum droplets is 23 nmtHé boundary between
continuous and slip flow regimes Kn. = 102, the smallest particle size that can be computed lgenuine
conventional approach is 2i8n. With Devienne’s very strict conception of comtinm, the minimum diameter
would be 23um ! On the contrary, iKn. = 5 107, the use of continuous approaches is extendedrtiles larger
than 460 nm. However, it must be noted that thentaties between regimes were defined for inertldteplin solid
propellant rockets, the combustion of aluminum tktspchanges both heat transfer and drag, whichaffagt the

different thresholds depicted in figure Rue to this uncertainty, we have considegd= K; = 1 in our first model.
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Figure 2 -Momentum and heat transfer correctintpfa&y andK; as function of Knudsen number

4. Modeling of nano-aluminum particlesin combustion

The modeling of the particle combustion will depenmddifferent length or time scales as the parsite, the mean
free path of the surrounding gas-phase, the massmergy transport time scales, and the chemita sicale. Other
parameters are important to determine if the cotmousvill occur either heterogeneously at the péetisurface or
homogeneously in the surrounding gas phase.

In the first case, the surface reaction is assumdallow the global chemical equatian-F + V5O — VLP or, in

term of massesF +sO - (1+ Q F between the oxidizer molecules O as,@@d HO, and the fuel F, i.e. the

aluminum in the liquid phase. The reaction leadthtocombustion products P that contain both gasautes and
condensed aluminum oxide smokes. The coefficifits V, Vp ands are the molar and mass stoichiometric

coefficients of the reaction. At this stage, an amant assumption, that should be checked, is nadkerive the
aluminum surface reaction rate. The oxidizer anodpct molecules are assumed to be weakly adsorbettheo
surface so that, following the Langmuir adsorptigstherm model, the surface reaction is first-ondth respect to
the oxidizer [9], [10]; The reaction rate is profonal to the gas-phase concentration of the ogidajacent to the
surface and the aluminum reaction rate is simply:
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: : P
WY = VMK (T) Qo= VMK (T) . (2)

RT ™

s—

where Cgls and Xgls are the molar concentration and the molar fractbéroxidizer at the surfaceM; the

molecular weight of the fuelR, the universal gas constarf, the surface temperature arkf’ (TS) the rate

coefficient, which depends on the surface tempesatuthrough an Arrhenius form, i.e.
k?(T,) =~ exp(— E/R 'E) If &is the fraction of the particle surface covered dsjsorption then the
aluminum mass flow rate from the particle is:

) , P
m= HITdZI/F MF K ﬁ )gls (3)

S

The fraction@is usually less than 1 because of the presenaenofh porous oxide cap on the particle and is a non
trivial function of the particle diameter. This cplex dependence precludes from deriving a genanalysc
expression for the particle combustion time. Howewéth no oxide cap, the combustion time for atigbe of initial
diameter d and densityr is simply:

ro=_ GoeRT
ol Mck? PX5

(4)

Thus, the particle combustion follows theoreticadlg™® law in a kinetically-controlled regime comparedaa?®®
law in a diffusion-controlled regime with:

Peds

"9 = 8oDIn (1+B) ©

whereD is the mass diffusivity which is proportional B". The expression fd will depend on the position of the
reaction zone [11]. The comparison between thesectvaracteristic times shows that the pressuretf@angarticle
size are important parameters to determine the oefigdn regime: large particles at high pressurelyilexperience
diffusion-controlled combustion while small parésl at low pressure likely experience kineticallyicolled
combustion.

Numerous experiments and simulations at the partielel were conducted to determine the combusdtion
followed by aluminum particles, including at ONERZ2]. The compilation provided by Beckstead for rait and
larger-sized particles [13] led him to build an éral correlation, commonly used today, based afi%law that
supports the argument of a combustion driven biysiin mechanisms. The combustion time is given by:

18
d,

r,=——2%
c kcxeﬁ P 0.1-|- 02

(6)

where X = Xg +0.6X; 5+ 0.22Xcq is the effective oxidizer mole fraction arkd a constant equal to

6,265 10’ in standard units.

For smaller particles, and nano-sized particlegarticular, information is more limited. Huang ét[d44] reported

interesting results for nano-sized particles anchpare them with some classical results for largatigles. The

compilation is shown on the figure 3 (from ref [L#jat reproduces the measured particle burning ima function
of particle size. The combustion of smaller pagticfollows a very different law as expected buhwit0,3 exponent
instead of a 1,0 exponent. In spite of the efftortmaximize particle dispersion in the burner, plogsible occurrence
of particle agglomeration was suggested by theamstto explain the deviation. But, other explanadioperhaps of
secondary importance, can also be suggested. §@nire, as mentioned above, the validity ofdh®law must be

guestioned with the presence of an oxide cap that rwoticeably limit the adsorption surface andadtrce a

complex diameter dependence.



Modeling of propellant combustion with nano-sizéahainum particles

Whatever the exponent value is, a limit size sepaydhe two regimes can be deduced from these Batachamber
conditions with high temperature, the limit seem&¢ about a few microns. This result can be uselbtermine the
rate coefficient of the surface reaction, when assg ad'® law for smaller particles, by simply equalize, tbis

limit size, the burning time in the kinetic regiméth the burning time given by the Beckstead’s etation. The

kinetic combustion model was then introduced in code to determine the thicknesg, of the distributed

combustion zone of aluminum particles above the@ltant surface. In this model, the acceleratiothef particles
is due to the drag force only. The inverse coupbiighe particles on the gas was not considerathllyi results

from this model can be interpreted with the follogriequation:

Na = kdg

()

wherek andn depend on the regime considered for the combusfi@uminum particles. It can be mentioned that

combustion zone is thicker when applying thé law, as expected. The deviation between the megiien by the
two different laws can be dramatically high for nasized particles. For instance, the thicknessuisdhed times
wider for 100 nm diameter particles when applyingd-° law instead of thel*® law. The correlation between the
particle diameter and the thickness of the combuastone was then used to evaluate the heat fluidgend the

radiant heat feedback to the propellant surface.

10

Figure 3 — Aluminum particle burning time as functiof particle diameter (from ref [14]).

5. Modeling of the combustion of aluminized propellants

The objective is to develop a predictive enginggerimodel of combustion of aluminized propellants. ¥ésume a
one-dimensional steady state approach of the probM/e also consider a weak coupling that means
retrocoupling of both particulate phase and raoliafield on the gas phase. According to the refeeri4] and [15],
with the assumption of constant gas propertieslawdactivation energy in the reaction zone, thegerature and

Wilson and Willams [27]

‘Wong and Turns [25]

Prentice [28]

Olsen and Beckstead [30]

Hartman [26]

Friedman and Macek [21]

Davis [25]

Parr et al. [9] (T,=1500 K) 4t
Parr et al. [9] (T=2000 K)

loOvdnane»

species profiles between the propellant surfacar(d the flamef) are:

TD-T: _Y(n) = expu, )
T,-T Y, 2’7f

S

T10°

®)

no

n is the coordinate normal to the propellant surfawd; the flame locationy, is the thermal wave thickness fdr

which the temperature is at 90 % of its final vallibe flame location is given by an energy baldme®veen; = 0

and 7 = ;. Using these simple considerations, we can buidodel including aluminum particles in combustion.

Figure 4 shows a schematic diagram of temperatufdgpfor aluminized propellants in combustion.eTtoordinate
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n = 0 is defined as the gas/solid interface in regjmm. With this description, zone 1 correspondhéosolid phase.
The surface temperaturg is determined by using experimental results on gimolysis law of the propellant
considered. It is generally written as:

V. = A, expCE, /R]T)) 9)

whereV, is the burning rate, the pre-exponential factor, afg the activation energy.

Zone 2 is devoted to the combustion due to theplase reactions. Aluminum particles are transpouted the
coordinater7 = 17i5n Where ignition occurs. Zone 3 corresponds to is&ibuted combustion of aluminum particles.
The temperature and species profiles betwgeryyy, and the final flamey = 77, are:

T -Ti u

YAI = ex _U3 (’7_,7ign)

VRS (10)
Ton = Tea Yas (T = Tign)

According to the reference [16], the ignition temgiare of aluminum particle is a function of pdeidiameter. The
| final temperaturdy » is obtained for = 775 given by equation (7).
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Tf,u
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Tf
Tia
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Solid Gas and particles

Figure 4 — Schematic of temperature profile forcbmbustion model

With this model and propellant data, it is possitoleget temperatureék andT; 5 by using equilibrium calculations
and finally temperature profiles with equations #8)d (10). Fluxes are also known by derivating &qoa (8) and
(20). Equilibrium calculations provide also spedies coordinatesy; and 77,. For AP/HTPB composite propellant,
we have considered only six species,l(l), CO, CQ, H,O, HCI, N,). Species profiles are then computed with
equations (8) and (10) to determine the gas enwieomt for aluminum particles in combustion and radéa
calculations. It is important to underline withghinodel that we can only get the mass fractionlwhena for the
aluminum combustion zone 3. No information is knomegarding the size of alumina residue which isirgrut
parameter.
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6. Modeling of radiative transfer

In this study, radiative transfer computations h&esn carried out in post processing in order taluate the
radiative flux incident on the propellant surfaddere is no coupling between combustion and radiatiansfer:
radiative powers have not been used in the onesdiimeal combustion modeling.

Radiative transfer computations have been perforosdg a 3D Monte Carlo method [17-19]. This apploa
consists in following a finite large number of egyebundles (discrete amounts of energy, which @apittured as a
group of photons bound together) throughout theindport histories, from emission to absorption.ndie
characteristics, namely wave number, initial dicattand emission point, and physical events (séagereflection
off walls... except absorption) along bundle trajeiet® are chosen according to probability distribosi by drawing
random numbers. Absorption phenomenon is treatddthe pathlength method [20], also called enemyitoning
[21], which consists in computing exponential apsion along the path. Therefore, a bundle contebub every
cell it traverses. It is traced until it either Wea the computational domain or until its energgépleted below a
given cut-off level. Since all the bundles areistaally independent, the parallelization is aclei@ by distributing
them over the cores.

Gas radiative properties are modeled by using &isStal Narrow-Band (SNB) model in the weak absiom
approximation since pressure considered in thidysts high (50 bar). Under this assumption, thedbaweraged

transmissivityTAV of a column of length/ writes:

re = |-1 ex;{— [%(9 p(s)EAV(s)dsJ = ex&{—f O)I (s)EA“(Sds] a

where N, is the number of gaseous absorbing speckesghe molar fraction of the specigsp the total pressure
and Rﬁ” the reduced absorption coefficient of the spegiesparameter of the SNB model. According to equati

(11), the local absorption coefficieAt™” can be expressed as:

R (9)= MY % (9K (9 (12

In this study, four gaseous absorbing species haea considered: GOH,O, CO and HCI. To compute absorption
coefficients of this gaseous mixture, the paransegenerated by Duval et al. [22] have been usedsd parameters
have been tabulated for 43 spectral bands in ther@d spectral range (1 pm — 73 pm) and for 14peratures
between 300 K and 2900 K. For upper temperatuggsnpeters at 2900 K have been used.

Concerning the particles, only alumina dropletsehbgen considered in this study. In first approxioma aluminum
particles have not been taken into account in tiawgidgransfer calculations. Alumina droplets arswmsed to be
spherical, homogeneous and isothermal. Then Mieryhis applied to compute radiative properties:oapson and
scattering coefficients and phase function. Themala complex refraction indem is modeled as a function of

wavelengthA and temperatur® in accordance with the expression given by Domskp\23] such as:

m,(T)=n,(T)+ix,(T) (19

with the following expressions for the refractiowiéxn, and the absorption index :

05
nA(T): 1”2( : 1024 e 1058 - 25281 +j
N —3776x10° A -1225x10° M -3214

x[1+ 202x10°5(T - 4730))

(14
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X, (T)= 20x10°(L+ 0.7 + 0064 )exd 1847x10°%(T - 2950) (15)

where A is expressed in um. Alumina droplets are consitlésebe at thermal equilibrium with the gases. iBlart
size distribution is approximated by a Gaussiarction with a standard deviation equal to 10 % df thean
diameter. Several values of the mean diameter bage tested. Results are presented in the nexbBect

7. Results

We have considered two AP/HTPB composite propedlastdescribed in section 2. The chamber press&@ bar.
For this pressure, equation (9) allows to get tindase temperature of the two propellants througbeemental
burning rates. A simple steady conductive heatsfearin the solid (zone 1, figure 1) gives the Haat entering into
the energetic material. Table 1 below shows resilitained for the two propellants.

Table 1: Burning rate, surface temperature anddhbering into the energetic materials at p = 50 ba

Propellant P1 Propellant P2
Burning rate 12,6 mm/s 18 mm/s
Surface temperature 980 K 1020 K
Flux entering into the material 19 MW/m 29 MW/nt

Computations have been carried out separately dsrpiase, particulate phase and radiative trabsiesiuse no
retrocoupling of both particulate phase and ragimfield on the gas phase has been consideredlilimum
calculations provide parameters for gas phasering®f boundary temperature and species. The greszael then
returns temperature and species profiles abovenbgellant surface. For the propellant P1, the aum particle
diameter is 6um. For the propellant P2, the average aluminumigbardiameter is 100 nm. For these two
propellants, we did not consider agglomerationlofrégnum particles on the surface. If we assumerateetion of
aluminum particles driven by diffusion mechanisipspellant P2 gives a very shoris( = 0.42um) distributed
combustion region. This result is probably not plale. With the assumption of combustion driven Kiyetic
mechanisms, the distributed combustion region isdhed times wider. Table 2 summarizes the mainrperers
used in the calculations.

Table 2: Main parameters used in the calculations

Propellant P1 Propellant P2
Flame temperatur®& without aluminum 2317 K 2317 K
Flame temperatur'éf,N_wnh aluminum 3384 K 3384 K
combustion
Mean aluminum particle diametdp, 6 um 100 nm 100 nm
Combustion regime of Al particles diffusion diffosi kinetic
kin equation (7) 16.5 22 403
nin equation (7) 1.7 1.72 0.97
Ignition temperature of Al particles 2050 K 1300 K
Distributed combustion length scajg 347um 0.42pum | 43.1um

Figure 5 shows temperature and volume fractionlwihaa droplets profiles above the surface for pitgmts P1
and P2. It is clear that, for the chamber pressaresidered, propellant P2, with nano-sized of ahumi particles,
gives a stiff temperature profile. The full combastregion is roughly 5Qum for the propellant P2 and 5@@n for
the propellant P1. The last line of the table 2nshoesults.
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Figure 5: Temperature and volume fraction of aluardnoplets profiles obtained above the propellarfase

From one-dimensional thermo-chemical profiles (terafure, mass fractions of species and volumeidractof
alumina droplets) obtained previously, radiativécalations have been performed. Beforehand, onesdgional
profiles have been projected on a three-dimensidaol (configuration similar to tangent slab methodhe
propellant surface is considered as an opaque bodsacterized by an isotropic emissiviy= 0.9 and a surface
temperatur@ = 980 K for P1 ands = 1020 K for P2 (see table 1).

Without experimental or numerical results on alumdroplet size (this depends on complex phenomeacla as
aluminum agglomeration on the propellant surfadénaum combustion and alumina coalescence in ldrad),
simulations have been performed with different diarsda,o3 Of alumina droplets (im and 10um) for the two
propellants. This allows estimating the dropleeséensitivity of the radiative flux. Figure 6 shoth& computing
results in terms of radiative flux incident to therface. All results show medium is optically thim&yond a distance
Nick to the propellant surface. The incident radiafimm this zone corresponds to the black body ramhadt the
temperature of the mediur & 3384 K for both propellants):

q)ir:;dem(”thick) =0T* = 743 MW /n?’, (16)

whereois the Stephan-Boltzmann constant. Close to thfaei forn < nyic the incident flux decreases due to the
presence of the propellant. The distarnggy is similar for the two propellants P1 and P2 anpethels on the droplet
diameter:pick = 1 cm fordapos = 1 um andsnic = 4 cm fordapoz = 10um. To explain this difference, table 3 shows
radiative properties of the alumina droplets atrtigphysic conditions for > 775 (T = 3384 K and volume fraction
f..az0s = 5,32.10" for the two propellants) and for the spectral baedtered at the wavenumber 6630 c(this
wavenumber corresponds to the maximum of the Plaunoétion at 3384 K). Firstly, we note that, whaeparticle
size, the scattering coefficient is larger thanoaption coefficient, which indicates that radiativansfer is mainly
governed by scattering phenomenon. Secondly, sicefteoefficient forda,03= 1 um is 14 times larger than the one
for dapoz = 10pum. The medium is optically thicker (by scattering}Yhe case of alumina droplets ofifn that is the
reason why the decrease of the flux (due to thena#ttion of the backscattering) occurs closer &optopellant
surface compared to the cases with larger drogfetsthe same reason, the attenuation of the intidaiative flux

is more important above the surface in the cash&f; = 1 um. The radiation received by the surface is thasllgi
dependent on the size of the alumina droplets.
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Table 3: Radiative properties of the alumina drtspé 6630 cm

Particle diametejum] | Absorption coefficient [cm] Scattering coefficient [ci
1 1 35
10 0,3 2,5

In addition, Figure 6 shows propellant P2 generatsiightly larger flux compared to the one geresdty propellant
P1 for the same alumina diameter. This is becausieei case of propellant P2, the flame front is Imeloser to the
wall which reduces the extinction phenomenon aodkimses backscattering effect.
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Figure 6: Incident radiative heat flux as functafrdistance to the burning surface

From these results, the net radiative flux to tfappllant surface can be deduced from the folloveirgression:

DR = (P e — IT) . (17)

net incident

Moreover, the incoming heat flud™ to the propellant surface is the sum of the cotiveeonductive and net
radiative flux minus the heat fluP ° required for the pyrolysis of the propellant:

q)in - q)c(; +q)rad _q)p - q)tOt _q)p. (18)

net

Considering thermo-physical properties of the pliapés, we have obtaine@® = 6,18 MWi/nf for P1 and®P =

8,83 MW/nf for P2. With these values and values®f" given in the table 19" = 19 MW/nf for P1 and®" =
29 MW/nt for P2), we can deduce from relation (17) and (&8) contribution of the radiative flux and the
convective-conductive flux to the total flux on tpeopellant surface for the two alumina dropletnaggers. The
results are summarized in Table 4. For propellabi Envective-conductive and radiative fluxes cbnte
respectively to 87% and 13% of the total flux ie tase 0fly03 = 1 um (76 % and 24 % in the casedf,03 = 10
um). The radiative flux is even more important whelnmina droplet diameter is large. For propellat the
tendency is similar but the contribution of the wective-conductive flux is larger (84-91%). In faist comparison
to result for propellant P1, propellant P2 generatehigher radiative flux (3 to 7% more) for thensaalumina
droplet diameter, but the proportion of the radifilux to the total flux decreases. Consequetitly,increase of the
heat flux received by the surface of the propelRBt(and thus the increase of burning rate) is inaloe to the
increase (57-65%) of the convective-conductive.flmxterms of total fluxes, these results showrameaase of 50%
between propellants P1 and P2.
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Table 4: Convective-conductive and radiative hkadels on the propellant surface

Convective-conduction Radiation
Alumina Convective- L o L
droplet | Propellant| conductive Contribution | Radiative | Contribution
diameter flux to the total flux to the total
MW/m?] flux [MW/m?] flux
1um P1 21,9 87% 3,3 13%
HM - po 34,3 91% 35 9%
10um P1 19,2 76% 6 24%
HM b 31,7 84% 6,1 16%

8. Conclusions

The work we have carried out in this paper conc#rasnodeling of AP/HTPB composite propellant imtustion
with micro-sized and nano-sized aluminum particl&ébe one-dimensional steady state model used fer th
calculations is based on a low gas activation gnengproximation, aluminum particles in combustiond aa
determination of radiative fluxes taking into acobwlumina and four gaseous species. For the nmagelf
aluminum particles in combustion, we have considier&inetics-controlled regime or a diffusion-catiged regime.
Gas phase, particulate phase and radiative effests not been coupled in this first work. We hassuaned that
there is no retrocoupling of both particulate phaise radiation field on the gas phase (weak cogpliccording to
the first calculations in the frame of continuuredhy for gas propellant environment, the smallesttiparticle size
of aluminum that can be computed by a genuine aaiv@al approach is 28m. If smaller particles are considered,
we need to add a correctiéfy in drag coefficient and a correctiéh in Nusselt number. However, we did not find
any results regarding these corrections for alumirparticles in combustionTherefore, in our first approach
presented here, we have used no correctionKfandK;. It is clear those values must be re-estimated futae
work.

Calculations using this first model have been edrdut on two AP/HTPB propellants with micro-sizddminum
particles (6um) and nano-sized aluminum particles (100 nm). Reshowed the important effect of the aluminum
particle diameter on the temperature profiles. Rt transfer calculations have been carried dth different
alumina droplet diameters. For the same aluminpldtaiameter, results show that radiative heat thcreases
slightly in the case of propellant with nano-sizdminum particles. Results on radiative and cotiveeonductive
fluxes on the propellant surface shows the incredgbe total heat flux in the case of propellaiithwiano-sized
particles. If no chemical reactions with nano-siaé@iminum particles are considered on the prope#arface, the
increase of the burn rate is mainly due to thegase of the convective-conductive flux.

To improve this first approach, future works wibbrsist in modeling combustion with polydispersednahum
particles and taking into account radiative prapsrof aluminum particles in radiation calculations
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