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Abstract

This study investigates the combustion of an alivmindroplet in a propellant gas environment by a
numerical approach. In a first step, a numericatlehds built on the basis of a multispecies reagtin
system for a pressure of 1 bar. A two-dimensiondyanmetric configuration is considered for a
spherical droplet. The 2D Navier-Stokes equatiores solved for the gas phase with the in-house
numerical tool CPS developed by Herakles. The mixtaws are derived from dynamic viscosity,
thermal conductivity and diffusion coefficients.&hluminium mass flow rate vaporized at the droplet
surface is assumed to be controlled by the theflmatesulting from the difference between the feam
and the surface temperatures. In a second stepatigation of the model is performed in the cae o
the combustion of a single droplet in air. Ressh®w a good agreement with already published
numerical and experimental data. The combustioe tifotained for a 100um droplet diameter quite
well fits the Widener-Beckstead correlation. A sfiegoint is made for validation purposes on the
regression rate modification by the convective atre In this case, a modified Ranz-Marshall
correction law is found to properly estimate thesmfiow rate. For low frequency oscillations of the
oxidizer mass rate, it is confirmed that the steamhdelling of the combustion of aluminium is still
valid. Estimation of the influence of the oxide capd the continuous regression of the droplet are
evaluated in term of combustion time.

1. Introduction

Combustion of aluminium droplets has been studiedéveral decades due to the widely use of alumirds a fuel
component in solid propellant. In a standard AP-BTiased composite propellant, the addition of ageveof thin
aluminium particles (~4Qum diameter) induces a temperature increase of dnebuastion products but also the
formation of liquid alumina. Formation of large &ggerates (~100-200um) is generally observed. The
understanding of the physics involved in the droptambustion, and especially the combustion tinppeared of
prime importance for solid rocket motor performarestimation. Earliest models tended to build a elation
between the initial particle diameter and the mgriime. Several models have been proposed fouletileg the
burning time and flame temperature [1]. In th€%7Qaw [2] suggested to investigate the differerfidgours of the
combustion depending on the quantity of aluminaiogniback to the droplet surface. This leads to aalydical
model, but still considers a spherical symmetry tfr droplet. The Ranz-Marshall correlation allaaking into
account global effects of a convective stream factihg the aluminium vaporized mass rate [3]. Idwoer, in the
case of a convective flow surrounding the partictee symmetric assumption can no longer hold. dib&ibution
of physical quantities such as temperature, masgidins or velocity can not be predicted by thiprapch. The
knowledge of this data is essential to correctbdjot the aluminium vaporisation rate and the drbplrning time.
Liang and Beckstead first published results on migaksimulations of a single aluminium droplet dmustion in air
and in propellant combustion products [4], [5]their papers, aluminium vaporization, finite gaseoeactions and
formation of an oxide cap are considered. At thaeséime, some experimental data were publishedunh&ret al
[7]- In their work, PLIF was used to measure thaiabprofiles of AlO species and temperature during quasi-
steady burning stage of the droplet free fall. didiion with other experimental results [7], [8lviyig the global
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burning time or the evolution of the droplet diaereinformation on the temperature and AlO fieldghe vicinity
of the droplet surface is very helpful for the dalion of numerical simulations.

The same approach is used in the study performegatiier et al. [6]. The obtained results are quitéine with the
ones of Becksteadt al. which were used as validation of the model in ¢hee of the steady combustion of an
aluminium droplet in air. The great interest otktudy is the extension of the model built foadteconfigurations
to aluminium droplet unsteady combustion. The d¥bpaporisation response is numerically evaluatatks to an
acoustic disturbance and the involved physical meism is explained. In an air environment, thep alsowed that
for low frequencies, the quasi-steady combustiodleh¢e.g. d2 law) is still valid and the responsevell predicted
by linearization of the Ranz-Marshall correlatidine purpose of the present study is to enlargéatiee results to a
propellant combustion products environment (i.ghhiemperature of ~2000K and oxidizers likgOHor CQ). A
specific focus is done on the unsteady combustioth @ reviewed Ranz-Marshall correlation in this cHipe
environment. Additional computations are dedicateda better understanding of the combustion suchaas
continuous regression of the droplet diameterjrifiaence of the oxide cap on the combustion timéhe variation
of the oxidizer composition during the droplet bom

2. Modelling

The proposed approach is mainly based on gas pbastons between gaseous aluminium and gaseodisers to
form alumina. The liquid aluminium droplet is ndeidied, and a constant and uniform aluminium terpee is
assumed to determine the vaporisation mass rate.

2. 1 Equations in gas phase

The adopted modelling is based on the assumptiom @dmbustion limited by diffusion phenomena. Adtios
scheme is defined in order to correctly estimatefthme temperature according the species condiemsa For the
reacting flow, the standard equations are usethfomass, momentum and energy conservation;

2 P+ v PYv) + AT = My (1)
%p\ﬁ div(pvOv)+div(Pl +/7)=0 )
%pe[ + div(og V) + div( pv+ 77 V) +div(09) =0 3)

The diffusive fluxes of equations (1) to (3) canviritten in a general formulation as follows:
17 = ~4tmix|grad(v) + grad(v ')
Vi =Dy mixgrad(Yy ) (4)

4= PNV ~ Amixgrad(T)
k

A specific attention is paid to the transport pheeaa and a Lennar-Jones modelling is considereattfioe the
transport coefficients. They are first estimateddach gaseous speciésbefore using a simple expression for the
gas mixture as reported in the next table.

Table 1: Definition of transport coefficients (5)

k™ species Mixture
T -1
Viscosit = 277x1077 VKT SAN
ISCOSIY k 2(22) Hmix =| Y~
Thermal conductivity i Ao=ulC +o_R
(Eucken law based on mixture properties) mxe EmXCTP A M iy
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1
- 1-Y,
Molecular diffusion ~ (Mik T j ™ Xi
Dik = 266x10 W 7K Dki

Considering the mass equation Kbrspecies (1), the production rate is given by:

!
@ =D UGG, (6)
i=1

K K
where: Uy = Uy —Up andg; =Ky, l_l Dndl% =k, l_l [ . 7
=1 =1
For each reaction, the forward and reverse corsthft and k,; are both described by an Arrhenius law

-E
k =ATA ex;{FJ and the data of the three coefficie®# E .

To close the system, the state equation for a @egtes is considere& = orT (8)

At the liquid / gas interface, it is consideredtttiee energy needed to vaporize the liquid alunmimia supplied by
the heat flux coming from the flame. Moreover, thieplet temperature is supposed to be uniform audleo the
vaporization temperature of aluminium for the c&tion conditions. A Clausius-Clapeyron law is usedietermine
this internal temperature and it is explicitly as®d that the thermal conduction inside the drogleeglected. The
gaseous aluminium mass rate is evaluated from nioevledge of the temperature gradient in the gaselad the
droplet surface and the heat of vaporization ofr@hium taken at the value of 10.9MJ/kg for the ¢desed pressure
of 1 bar.

ATy ==Aatiiq OT| oy g *+ LA ig €©)

The set of equations (1) to (4) forms the unsteadypressible Navier-Stokes system which is solwedrbexplicit
finite volume algorithm with the Herakles in-houdeveloped code CPS. The following computationssaand
order accurate in space (approximate Roe-Toumiesakith appropriate slope limiter). The time acaoyrés also
second order thanks a two-step Runge-Kutta approach

2.2 Kinetics

It was also assumed that aluminium droplet burns i@pour phase diffusion flame. The combustiorabigur of
aluminium is strongly dependant on the nature ekgas oxidizers and inert species. In the caskeofdmbustion
of aluminium in air, only gas phase reactions weoasidered by using a ninestep mechanism. Thiscestlu
mechanism for the combustion in air was proposedCBRS/LCSR [9]. For a propellant gas environmenisi
necessary to consider the reactions between AC&RdH,O. Oxidizing reactions with £have not been considered
because @appears in very low concentration (<1%) in thepettant combustion products. Considering O
kinetic scheme, defined from data provided by titerdture [9][11], [12], suggests the following 8actions
scheme. A specific treatment is applied to thimaha particles (< 1um). This species is consida®d gas with a
limited diffusion properties.

Table 2: Kinetic scheme used for calculations wpetlant combustion products (cgs-cal units)

N° Reaction A Bi Ea

1 ALO = Al + AIO 3,0x 1% 0,0 129500,0
2 ALO, = AlO + AIO 3,0x 16° 0,0 126300,0
3 Al + CO, = AIO + CO 1,74 x 1% 0,0 6400,0

4 ALO + 2CQ = Al,O; + 2CO 2,0x1¢ 0,0 0,000

5 2AI0 + CQ = AlL,O; + CO 2,0 x 1¢f 0,0 0,000

6 Al + H,O = AIO + H, 9,60 x 16° 0,0 5700,0
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7 ALO + 2H0 = AlL,O3 + 2H 2,0 x 16° 0,0 0,000
8 2AI0 + HO = ALO3 + H 2,0 x 16° 0,0 0,000
9 H + OH +M = HO +M 2,2 x 16 2,0 0,000
10 H+H+M=H+M 1,8 x 16° 1,0 0,000

2.3 Burning time estimation

The burning time is estimated from the local mdssz (@) at the droplet surface wheéeis the polar angle.

Integration over the entire surface (approximatedNpt cells) is done to determine the instantaneous rasdv’
according the following relation:

— M 1¢7 . Vg .
m= ==| m@)sin(8)df=—— > sin(8 (6 10
o > ] m@)sin(@) sztiZ (6 x(6) (10)
From this relation, the burning time is defined as:
3
_oc4pa(d
tp = 25— — | . 11
T3 (2 (1)

The 2.5 corrective coefficient was first introdudey Widener and Beckstead[5]. The simulations are performed
for a fixed diameter, although the droplet diameteereases during the combustion. The simulatiomgéry is then
representative of an intermediate state of theldtophis value is obtained by considering the ramg aluminium
mass to the initial mass. If we now consider tihet diameter is representative of the average sudacing the
droplet combustion, a value @f8 is found. Whatever the adopted approach, the val&5 is considered in the
following for the determination of the combustiamé according to the definition &f.

For comparison purpose, the combustion times ampaced to the ones obtained with the Widener-Beekkt
correlation:

ql8

{WB _ 1

= - : (12)
> 627x1078 X1, 22P01

2.4 Mesh generation

Many of the simulations hereafter consider the castibn of a spherical droplet. An axisymmetric méshused
where a 100pum droplet is located in the centré@fdomain. The boundaries of the domain are platadound 20
radii of the droplet in order to limit the effeat® boundary conditions. A specific refinement igposed to the
nearest cells of the droplet surface. The seldetegth is 3um which is small enough to ensure aecbestimation
of the temperature gradient at the surface. Thénnisesomposed of nearly 3430 cells.
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Figure 1: Mesh definition with placement of boundiyers and detail on the droplet surface

The boundary conditions are defined as:
© : Aluminium vaporization controlled by eq. (9)
® . Symmetry
© : Inlet with imposed mass flow rate at constant tenajpee
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@ : Slip condition
O : Outlet with constant pressure (P=1bar)

2.5 Validation

The validation of the model is performed by consitgthe steady combustion of a 100pum aluminiunpbitoin air.
The ambient temperature is 300K and the pressureas The kinetic scheme is taken from the refeedf]. Three
simulations are carried out considering three dhifié oxidiser mass flow ratefkg/s/m? 51.8kg/s/m2and
230kg/s/m2The corresponding flame Reynolds numbers (calkedlat flame conditions (viscosity and density) with
the gas velocity at infinity) ar@.4, 3.6 and16.
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Figure 2: Temperature and AlO concentration forabmbustion in air and Rey=3.6

In the figure showing the temperature and the Ab@oentration, the fore-aft symmetry is broken by tonvection
around the droplet. The flame tends to move cltséne surface which induces a larger aluminiumovisation rate
and a larger concentration of AlO. The locus o$ tiliaximum is nearly at one radius of the surfacehvis quite
coherent with the measurement provided by Buehet.in [7].

For each simulation, the combustion time is deteettiaccording to equation (11). As it can be sedabhle 3, the
combustion time is strongly dependent on the caime@round the droplet. For comparison purpose effjuation
(12) is used to estimate the combustion time efvéns correlation does not take into account thevective effects.
Nevertheless, the results are in good agreementttendurning times obtained by the numerical comupors
include the one obtained with the correlation (12).

Another way to validate the proposed model is tadgtthe effect of the convective stream on the aium
vaporisation. As the flame comes closer to the alium surface, the thermal gradient increases @amtén does the
aluminium mass flow rate. The Ranz-Marshall cotreta provides a good estimation of the vaporisatiate

increase with regard to the no convection confiiona(riy, ). This correction term is given by:

=1+ 03RS, PrO3 )y, (13)
As reported in Table 3, the mass flow rate incrdasad with the simulations fits well the value®ywided by the
correlation (13).

Table 3: Validation of the modelling for the steamymbustion of 400pumdroplet in air

Simulation Correlation Mass flow rate correction
Flame Mass due to convection
Temperature Reynolds flow wB
tp tb Simulation Ranz-Marschal

[K] [-] [kg/s/m?] [ms] [ms] [-] [-]
300 0.41 2.16 55.0 48.5 1.14 1.17
300 3.6 2.79 425 48.5 1.47 1.51
300 16.3 3.87 30.6 48.5 2.04 2.08
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3. Simulations in a propellant combustion productenvironment

In a solid rocket motor, the combustion of alummiparticles is located close to the propellantaaef The droplet
combustion takes place in the gas phase and thpdetkcare entrained by the hot gases generatedebpropellant
combustion. Generally, the gas temperature is tatigen 2000K and the oxidiser is mainly composed of water
vapour and carbon dioxide. For the following of #tedy, the pressure is taken at 1 bar and theeashpe at
2000K

The mass composition of the gas considered befonmsisium combustion is as follows:

« CO2 : 8.3%,

« H20 :32,1%,
« CO 1 19%,

e H2 1 14.3%,

« N2 : 26.2%.

For these conditions, the Prandtl number is eséithat0.41and the dynamic viscosity 6t17.10° kg/s/min the gas
and at8.65.10° kg/s/min the flame. The characteristic diffusion timeseéa on particle diametel, and a diffusion
2

coefficient D for flame characteristics g =

= 312us. This value is used for the non-dimensional
g
approximation of frequencies.

Several simulations are performed to test the efiéthe oxidiser mass rate as shown in the casaroDifferent
flame Reynolds numbers are tested in order to @®@ocorrelation based on the Ranz-Marshall fosmato take
into account the influence of the convection on lthening time in the specific case of combustioraipropellant
gas environment. The linearization of the proposedelation is tested in the case on unsteady bgmihere an
acoustic disturbance is added to the oxidiser fieaviation 0f5% on the mass rate).

A dedicated study is then performed with a contimu@ariation of the droplet diameter in order teqgse the
combustion time with good accuracy.

In a third time, a more realistic geometry is siatet in the case of the presence of an oxide apptievents the
vaporisation of aluminium in a delimited zone of tifroplet surface. The objective is to estimateitbesase of the
combustion time in function of the geometry.

At least, the effect of the gas composition evoluton the combustion time is investigated. At itijgg the droplets
burn in an oxidiser rich gas. With the combustioagess, the gases are less and less oxidisernitithe droplet
combustion rate becomes less important yieldinantincrease of the combustion time. A first attemmpierformed
to integrate this phenomenon in the calculatiothefcombustion time.

3.1 Combustion time for a fixed geometry

As for the combustion in air, the computations uBe mesh presented at the figure 1. Four simulation
corresponding to four Reynolds number have beemedaout, respectiveliRe=2.7 5.5; 13.7and27.

For illustrative purpose, the next figure showstéraperature field and the AIO and,@l concentrations around the
droplet forRe=2.7 In that case, the oxidiser mass rat8.8kg/m2/sand the temperature 2000K

1] [ [T/l BN T T ]

0.01 0.03 0.05 007 0.090.11 013 0.150.17 0,19 0.21

=RA3: 0.01 0.03 0.050.07 0.09 0.11 013 015 017

2500 2650 2800 2950 3100 3250 3400 3550 3700 3850 4000

Figure 3: Temperature and AlO concentration forabmbustion in air and Rey=2.7
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As for the combustion in air, it can be seen thdiffusion flame develops around the droplet. Témperature is
high, nearly4a000Kand the location of AlO is still at one radiusrrdhe surface. Some species likg@kan diffuse
close to the surface allowing possible surfaceti@a@and alumina formation (not taken into accauarthis study).

Table 4: Steady combustion of a 100um droplet applant combustion products

Vap. Al correction Burning time
Temperature | Reynolds Mass rate | Simulation Ranz-Maschal Simulation
[K] [] [kg/s/m?] [-] [-] [ms]
2000 0.00 2.10 1.00 1.00 50.61
2000 2.75 2.36 1.13 1.14 44.92
2000 5.50 2.53 1.20 1.21 42.02
2000 8.35 2.65 1.26 1.25 40.02
2000 11.00 2.75 1.31 1.29 38.53
2000 13.72 2.84 1.35 1.33 37.36
2000 27.20 3.14 1.50 1.48 33.84

The table gathered the results obtained on condyustnes according to the oxidiser mass rate. Eoin gonditions,
the Beckstead correlation provides a combustiore tmh 33ms which corresponds to the highest convection
configuration. Nevertheless, all these data alleevdetermination of the correction term due to eative stream on
the aluminium vaporised mass rate. To achieve sugoal, the data are interpolated with regard & dtoplet
combustion for which there is no convection. Théagted burning time i$0.6ms The mass rate with convection
divided by the mass rate without convection istplibtin the next figure. As it can be seen, as tbgnBlds number
increases, the effect is more important as it wasd for the combustion in air. However, this irage is not as high
as for the combustion in air. For instance, thedase isl00%atRe=15in air although it is onl®#0%in the case of
propellant combustion products. The obtained lawttits configuration is:

o 052 5. 0581,
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Figure 4: Convection effect of vaporization rateinand propellant combustion products
3.2 Effect on the vaporisation of an acoustic distbance

The response of the vaporisation rate to an aadsgturbance is of prime interest and accordinght authors;
these aspects of the aluminium combustion havéd®en studied until now for propellant combustioadarcts. The
unsteady behaviour of the combustion of an aluminidroplet can be considered as a driving phenomémon
combustion instabilities. Recently, its role wasidstd in detail [13] for the thermo-acoustic inglio The
methodology proposed in [6] and successfully apptie the combustion in air is used in the presémtys An
oscillation following a sinusoidal evolution of tlegidiser mass rate 526 of the average value is considered for all
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computations hereafter. This variation of the aeédimass rate induces a variation of the vaporaathinium
ratedrm. Hence, the relation between the two quantitiesteawritten as:

m \Y (14)
If the amplitudes of the variations are small,reedirization of the modified Ranz-Marshall corr@at{13) provides
a good estimation of tHg, constant in the case of propellant combustion prtedu

052 058
_ 013 RegyPr
T2 1+ 013REE pr 0 4o
1 Cam '

A parametric study is performed in order to tes talidity of the equation (15) by varying the dms@nless
pulsation

Q =271 yift (16)

of the injected oxidiser mass rate. All the resadte presented in the table 5 where the datacextirdrom the
calculations are compared with the figures giverapglication of (15). As seen before, the combustime of the
particle is50mswhich is larger than the characteristic time foe tonsidered frequencies. This means that the
droplet diameter variation is low with regard te #coustic disturbance time.

If we first consider the results obtained Re=2.7 it can be seen that for a large range@fthe R, values derived
from the numerical simulations is correctly approated by the relation (15) and the modified valieegshe Ranz-
Marshall correlation (13). However, the last resalt Q = 02 predicts a lower value. This can be considered as a
limit for the use of relation (15). Such behavidgicoherent and was already observed in the caaig obmbustion

for which the limit was found to @ = 0.1. A value of one indicated that the characteriitie of the fluctuation is
comparable with the diffusion time. A resonant phraenon can take place as it was shown in [6]

Table 5: Unsteady combustion of a 100um dropletrapellant combustion products

Reynolds vap. Al 0 ﬂ A—_m R, R, theory
Mass rate \V] m
[] [kg/s/m?] [] [-] [-] [-] []

2.75 2.36 0.010 0.04997 0.00435 0.087 0.09p
2.75 2.36 0.039 0.05000 0.00423 0.084 0.090

2.75 2.36 0.098 0.05034 0.004}19 0.083 0.09p
2.75 2.36 0.196 0.04997 0.0038%8 0.078 0.09p
5.50 2.53 0.010 0.05358 0.005¢8 0.095 0.12p
5.50 2.53 0.098 0.05088 0.00594 0.117 0.12p
8.35 2.65 0.098 0.04932 0.00634 0.129 0.13p
11.00 2.75 0.098 0.04982 0.00682 0.137 0.15p
13.72 2.84 0.010 0.04967 0.00684 0.138 0.16p
13.72 2.84 0.098 0.04993 0.007p4 0.141 0.16p
27.21 3.14 0.010 0.04872 0.006$9 0.137 0.21p
27.20 3.14 0.098 0.04895 0.00797 0.163 0.21p

If we now examine the results fa2 = 0098 (lower than the supposed limit), it can be seet the theoretical
values are well estimated by the numerical resutiless the Reynolds number is not too high. THeréince seems
to be more appreciable when the Reynolds is hititear13. ForRe=27.2 the numericaR, prediction is35% lower
than the theoretical value. For such high Reynotts, explanation of the divergence between numesdoa
theoretical results can be found in the effecthef tonvection that becomes preponderant (evereifsthtionary
results seemed to be coherent).

Whatever, the results of this parametric studydatt that the modelling of the combustion, basedtationary
assumptions of the d2 law and the modified Ranzskiat correlation, is still valid to estimate thesponse of the
droplet to an acoustic fluctuation for moderatefrencies.
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3.3 Regression of the droplet surface

A first attempt to perform a calculation with a tiomous regression of the droplet surface is peréaf in the case of
Re=2.7in order to directly get the combustion time. Waehtake advantage of the ALE (Arbitrary LagrangeeE)
capabilities of our code. A spherical droplet i sbnsidered with an initial diameter @D0um

The next figure presents the evolution of the Alihaentration with respect to the diameter decreasdiffusion
flame is present during all particle combustionwidweer, as the combustion progresses, the convestiems to be
less effective, and the flame adopts a more synicaéshape.

002 2 002 002 002 002

T o [ T T O T T O T T O T T O
% % % % %

Figure 5: AlO concentration evolution with time

The analysis of the aluminium mass rate allows kngwhe droplet radius evolution with time. Asstshown in the
figure below, the combustion time is neaB@®mswhich is not so far from the estimation given bgcBstead
correlation. However, as shown before, the conwactias an effect on the vaporised mass rate. Fdnital
Reynolds number d?.7, the average Reynolds numbedid8 From the correlation (13) it is possible to detiere
the mass rate in case of no convection. Hencegthdting combustion time shows an increase oflin&és.

The comparison of the combustion tim&Qm3 with the one obtained for a fixed geome#y ©2m$ shows a much
lower value. This confirms that the fixed geomeaigproach is relevant for an intermediate statehefdroplet
characterised by B00umdiameter, but the initial diameter is larger time aised for the simulation. In other word, if
we now consider an initial diameter 8®0um the calculation at fixed geometry should be penfed at a smaller
diameter yielding to a lower combustion time whsttould be more in line with the one of the ALE siation.
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Figure 6: Evolution of the radius for continuousfaoe regression
3.4 Effect of the presence of an oxide cap

Visualisations of the combustion of aluminium detpyenerally evidence the presence of an oxidearaphe
surface. This cap is generated by the initial aharthat covers the solid particle and preventsfartiier oxidation
until its melting. Some more complex phenomena alan occur and make it grow but the understandinguoh
mechanisms is not well known. However, the resuthat the spherical geometry is broken and thensetion of a
part of the surface is limited by the oxide cape Hiuminium mass corresponds to a 100um diametgtetrand the
oxide cap represen82% of the aluminium mass. The geometry of the aluamrialumina droplet was defined by
assuming the equilibrium of the two liquids duestwface tension forces.
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Figure 7: Mesh for calculations of a droplet withaxide cap

The adopted mesh is plotted in the figure 7 whemgais supposed that the cap is located in the foant of the
droplet, where the flame came closest to the sarifathe case of a spherical configuration. Thenblany conditions
are the same as the ones of the figure 1. Thediffdérence is introduction of a slip condition dretcap.
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Figure 8: Calculations with an oxide cap for Re=2.7

The presence of the oxide cap induces some diffeseim the species concentration around the drdpbeRe=2.7

it seems that, on one hand, the oxide cap prewamytseturn of AlO to the surface proximity. On thiber hand, the
diffusion/convection of AlO is encouraged in the vicinity of the cap. TheQylconcentration is also interesting as
shown on figure 9. As this species (micro-dropietjormed after a diffusion process of other ox@dizAl species,
the generation of the small alumina droplet océuifsont of the particle. In a second step, thevemtion can bring
these small droplets back to the oxide cap wherg prarticipate to its growth. This assumption nefedher study

to be confirmed.
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Figure 9: Zoom on front zone of the droplet, alum@oncentration

Two oxidiser mass rates have been investigatedy e represented respectively by Reynolds numtife2s7 and
13.7. The unsteady combustion was also examinedobw unique non dimension pulsation of 0.098.UResare
gathered in the table 5. As it can be seen, tlaglgteombustion time is increased compared to tleeobtained for a
spherical geometry (resp4.9msfor Re=2.75and37msfor Re=13.7, and the value is much higher than the one of
the Beckstead correlation. For the unsteady reghksnumerical values are in a good agreementtivittiheoretical
ones (difference less than 10%).

Table 5: Steady and unsteady combustion of a dregle an oxide cap

Steady combustion times )
Vap. Al ﬂ A__m
Reynolds | Mass rate | Simulation Beckstead \% m Ru Ru theory
[-] [kg/s/m?] [ms] [ms] [-] [-] [-] [-]
2.75 1.8686 56.8 33.2 0.05p 0.004 0.072 0.066
13.7 2.242 47.8 33.2 0.050 0.007 0.148 0.135

3.5 Effect of the gas composition

Due to the particles burning, some modifications the gas characteristics can be identified. From a
thermodynamical point of view, the amount of fragks (oxidisers) becomes less important and the detyre
significantly increases frord400K to 3400K for a standard HTPB/AP/AI propellant wift8% of aluminium. Some
other aerodynamical changes can also take plaeegritrainment of particles will reduces the velpdifference
between particles and the convective effect onbilmaing time. The modification of the gases or rat¢ion with
acoustic layer in the proximity of the propellantface can also affect the burning rate. In ordeedtimate the
influence of the gas and temperature modificatisayeral calculations are performed by considering t
thermodynamical equilibrium defined by a given pdn of burnt. For each proportion considerea, lturning
mass rate is estimated in function of the tempesatund gas composition changes. The same massrdl@wis
considered for the oxidiser. The obtained combuodimes for @l00pumdroplet are presented in the next table.

Table 6: Effect of temperature and gas compositiothe burning time

unburned | Temperature Xeft Burning time | Ranz-Marshall Burning time
Aluminum (K) (mol. fract.) (ms) coefficient w0 convection (ms)
0 3382 0.07 79.18 1.20 94.89
3 3166 0.09 75.79 1.19 90.24
6 2959 0.11 72.08 1.18 85.28
12 2726 0.15 64.11 1.17 75.28
18 2361 0.18 49.95 1.16 57.94

However, the calculations conceded, but due toctiange of the viscosity with the temperature, thdynamic
conditions are not the identical. In order to eatena combustion time not influenced by the conwactthe
proposed Ranz-Marshall correlation is used. In daeste, the global influence of the convection isramease of
nearly20% on the burning time.

Considering the new combustion times, it is nowsfme to evaluate the effect of the temperature gad
composition. The obtained values are interpolatitkd svpower law:

11
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A minimisation with a less square approach is usefihd the unknown coefficients. The obtained esl{s = 0.5
and y = 0.2) are quite comparable with the ones proposed lilewsr and Beckstead.

Until now, the proposed particle diameter is conistd 100um and we may try to estimate the burtimg when the
particles burn. It is considered that the modifmabf the environment is only affected by the jéet burning. This
means that all the particles have the same dianasigrburn in the same way. The evolution of theneizr is

plotted on the next figure by considering a vaoiatof the burning rate. The different values of tates are derived
from the burning times obtained before. The dotiee represents the evolution of the diameter faruening rate

calculated in the injection configuration (i.e. 18¥burned aluminium).
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Figure 7: Evolution of diameter with time

Conclusion

The combustion of a single aluminium droplet in rpgellant ambiance is studied by means of compmnati
simulations with simplified kinetic scheme. The masate of vaporised aluminium is controlled by hieat gradient
at the droplet surface. The validation of the madgberformed by comparing steady combustion ticmerpiric
correlations in the case of combustion in air. fethodology is then applied to gaseous productsrgéed by the
combustion of a composite HTPB/AP/AI propellant fopressure of 1 bar.

In the case of a steady combustion, the calculaistiowed that the estimation of the combustion igmeodified by
the gas convection. New values for the correctaam {(Ranz-Marshall formalism) have been proposednjzoed
with air combustion, the effect of combustion seamdbe less influent. The effect of the alumina ees also
investigated. By reducing the evaporating surfdioe,combustion time is increased by nearly 20% wd@npared
to a spherical configuration.

A first attempt to simulate the complete combustidrihe droplet by considering the continuous regien of the
surface was also performed even if there was nelomu between the gas velocity and droplet diameidre
obtained combustion times are coherent with theipus approach. In a second step, the variatioth@foxidiser
composition was also examined. It was shown thettimbustion time is increased by 32% due to tmswmption
of oxidiser.

Preliminary results on unsteady combustion weraiobd. The proposed modified Ranz-Marshall law se&m
provide coherent results when compared with nurakriesults. This indicates that the ‘steady’ mddgllof the
aluminium combustion (d? law corrected by a RanzgWall correlation) can still be used in oscillgtor
configurations as far as the frequency remains natbele

12
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